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INTRODUCTION 


by 

Robert D. Price 


The primary functions of the Earth Survey Applications Division, 
Applications Directorate, are to conduct basic and applied 
research and data analysis in order to advance scientific 
knowledge and understanding of physical parameters and processes 
inside the earth and on the earth's surface; to define techniques 
and systems for remotely sensing the processes and measuring the 
parameters of scientific and applications interest; and to develop 
and transfer promising operational applications techniques to 
the user community of earth resources monitors, managers, and 
decision-makers. The physical processes and parameters studied 
span the disciplies of; geodynamics including mantle convection, 
gravity field mapping, plate tectonics, and polar motion; 
geophysics including geology, magnetic field mapping, crustal 
dynamics, and geobotany; earth surface features including agri- 
cultural vegetation sciences, forestry, land use change detection, 
and environmental monitoring; and hydrology including watershed 
management, snow and ice properties, and soil moisture. Research 
in each of these disciplines defines the prime function of each 
of the four branches of the Division, the Geodynamics, Geophysics, 
Earth Resources, and Hydrological Sciences Branches. 

The bulk of the work is supported by, and the broad objectives 
defined by, three programs in the Office of Space and Terrestrial 
Applications at NASA Headquarters: Non-Renewable Resources 

(geodynamics) , Renewable Resources (geophysics, earth surface 
features, and hydrology) and AgRISTARS (agricultural vegetation 
sciences and soil moisture) . 

This document is the Third Annual Research Report of the staff of 
the Division. It contains descriptions of the accomplishments of 
the activities conducted in Fiscal Year 1980 by the many groups 
in the Division as they perform their primary function for the 
Division and progress toward the achievement of the broad program- 
matic objectives established by Headquarters. 

In the past year the highlights of those accomplishments would be 
the production of the first global maps of magnetic anomalies usin 
Magsat satellite data; utilization of GEOS-3 and Seasat altimetry 
data for computation of the global mean sea surface; delineation 
and increased understanding of the effects of topography on the 
interpretation of remotely-sensed data; the development of hand- 
held radiometer instruments and their widespread application to 
research and operational biomass measurements; the development 
and application of snowmelt runoff models to water resources 
management in medium- and large-sized basins; and the mapping of 
snow depth over wheat-growing areas, including Russia, using 
NIMBUS microwave data. 


xiv 


CHAPTER 1 


GEOBOTANICAL RESEARCH 
edited by 
Mark L. Labovitz 


OVERVIEW 

Geologic mapping augmented by remote sensing technology has been 
conducted largely in regions of little vegetation cover. For 
many field geologists, vegetation represents a nuisance to be 
bulldozed away. However, large portions of the land surface of 
the earth are heavily vegetated. In areas such as portions of 
the eastern United States heavy vegetation not only conceals 
the geology, but combines with the topography to hinder move- 
ment on the ground, which consequently makes exploration for 
mineral resources somewhat problematic. 

Motivated by the strategic resource needs of the world in general, 
and the U.S, in particular, research is being conducted under the 
auspices of the Non-Renewable Resource Branch of NASA Headquarters 
into (1) the information contained in vegetation about the nature 
and composition of the substrate and, (2) the utility of remote 
sensing techniques to capture this information. While geobotanical 
research did not begin with the present efforts, we are attempting 
through a series of systematic, quantitative field and laboratory 
studies, to reduce the anecdotal tone that characterizes much of 
the previous research. 

This chapter reports on (1) field site research being conducted by 
Goddard personnel in two locations — Mineral, VA and Cotter Basin, 

MT; (2) laboratory and field studies supervised by Goddard personnel 
under a contract with Barringer Research, Inc. (Golden, CO) and 
Imperial College (London, England) ; and (3) a Landsat mapping study 
done by a Goddard summer faculty fellov/. 

The field work at Mineral, VA is a part of a larger field program 
to study geobotanical-remote sensing relationships in several geo- 
logically important environments. The research is directed towards 
testing specific hypotheses developed in previous laboratory and 
field studies and possesses a strong experimental design character, 

A site at Cotter Basin, MT has previously been demonstrated to 
possess a geobotanical anomaly detectable through remote sensing. 
However, the instrument used in prior research has very narrow bands 
wliich are impractical to use from satellites, so the present researcli 
reports on t)ie results of using the Thematic Mapper Simulator. The 
research being conducted in the laboratories at Imperial Collecje is 
directed towards examining the relationship between the optical pro- 
perties of vegetation and certain microscopic constituents of vege- 
tation grown in metal-rich solutions of varying concentrations. 

The Landsat study focussed on the potential of satellite digital 
data to detect and map serpentine bodies in the Piedmont of 
Pennsylvania, Maryland and Virginia. 
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A. GEOBOTANICAL TEST SITE INVESTIGATIONS 


MINERAL SULFIDE DISTRICT, MINERAL, VIRGINIA 


by 


M.L. Labovitz, E.J. Masuoka, R. Bell, R.F. Nelson, 
A.W. Siegrist, S. Wharton 


OBJECTIVES 

The objectives of the geobctanical test site investigations program 
are: (1) to determine the utility of different spectral bands for 

mapping the geobotanical anomaly over a known metal sulfide deposit; 

(2) to determine the best spatial resolution for mapping the anomaly; 

(3) to determine the best temporal window for mapping the anomaly; 

(4) to iissess the reproducibility of spectral, biogeochemical and 
geobotanical measurements within the anomalous area over several 
growing seasons; and (5) to select other geobotanical anomalies, 
more complex than the first, on whicli to evaluate the general 
applicability of the above determinations. The geobotanical test 
site at Mineral, VA ii, the first of four test sites which we hope 
to examine over the period FY1980-1983. 

BACKGROUND 

The of vegetation typo or vigor as a guide to subsurface mineral or 
l.>etroleum deposits lias been an accepted exploration tool for centurie 
However, the possibility of using remote-sensing techniques to 
detect the changes in vegetation caused by nearby mineralization 
has just recently received attention. An increasing awareness of 
potential mineral and energy shortages has stimulated the development 
of new exploration techniques. Satellite remote sensing enables 
investigators to analyze largo segments of the Earth's surface 
repeatedly at different seasons and under different conditions. 

Since ov’er two-thirds of the Earth's land surface is covered with 
vegetation, the need to establish a research program for the develop- 
ment and evaluation of geobotanical exploration techniques is 
os sent ia 1 . 

In May and June 1979 wo started a search for a suitable initial 
test site. It was to be of minimum complexity and located near 
GSI'C in order to minimize travel time and exfiense. Prior to this 
search, a list of criteria that we felt an initial test site should 
meet was generateii. 
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These criteria are: 

1. Within the test site there must be an economic deposit of a 
mineral commodity. 

2. There should be evidence of mineralization in the soil and/or 
vegetation, so that conclusions can be drawn about relationships 
between metal stressed vegetation and its optical properties. 

3. The test site must be accessible to Goddard (within a 200 
mile radius) . 

4. The topographic relief should be low to avoid potential com- 
plications within the field environment (Arden and Westra, 1977; 
Birnie and Francica, 1979). 

5. Forested areas within the site should have continuous canopy 
cover . 

6. Only a few tree species should dominate the forest community. 

It should be noted that for most of the factors which are affected 
by the above criteria we are attempting to control the experimental 
environment by "keeping things constant." 

An initial test site was selected near Mineral, Virginia, about 80 
miles southwest of Washington, DC. The site is in the Piedmont 
Physiographic Province (Figure lA-1) which features low, gently 
rolling relief. The geology consists of schists, clastic volcanics, 
metamorphosed sediments, gneisses and rocks of granitic composition 
(Miller, 1978). The formations are of uncertain age but are 
believed to be in the range of late Precambrian to early Paleozoic 
(Geologic Map (jf Virginia, 1963). Geologically, the region repre- 
sents a high rank greywacke environment in the definition of 
Kyrnine (1948) and Griffiths (1980). A summary of the character- 
istics of the area--known as the Mineral District — is given in 
Table lA-1 and a geologic map is given in Figure lA-2 . 

The Mineral District is an area approximately 5 miles wide by 7 
miles long and encompasses three trends of mineralization which 
conform to the regional strike N 30° E (Cox, 1979). The central 
and western trends are base metal bearing and are composed of 
quartz-sericite, actinolite-chlorite , and amphibolite schists. The 
mineralization is often found in shear zones at or near the contact 
of the quartz-sericite and amphibolite schists. Mineralized zones 
consist of massive pyrite lenses containing lesser amounts of 
chalcopyr ite , sphalerite, galena, pyrrhotite, and magnetite with 
traces of gold, silver, and arsenic in some locations (Cox, 1979; 
Luttrell, 1966). Deposits in this area are thought to be vol- 
canogenic in origin as they resemble Kuroko and Besshi types of 
mineralization (Miller, 1978) . 
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The Mineral District was mined at a number of locations at various 
times from the 1830's to the 1920's. No major mining activities 
have occurred since the 1920 's and, so, the forested areas not in 
pine plantation are a minimum of 50-60 years old. This is sufficient 
time to develop a climax forest (Milton, 1979) which, in this loca- 
tion, is dominated by oaks and pines. 


FY79 Field Work 


K In August and September of 1979, four test site locations within 

the Mineral District were selected. These sites were laid out as 
' two pairs with one mineralized (M) and one non-mineralized (NM) 

site in each pair. The mineralized sites were located in the 
' vicinity of two inactive mines — the Julia mine (1.25 miles south- 

S west of Mineral, VA) and the Allah Cooper (Valcooper) mine (5.5 
miles northeast of Mineral, VA) . Both of these mines are on the 
contact of the quartz-sericite and amphibolite schists. The two 
non-mineralized sites were located on similar contacts. Also, each 
non-mineralized locality was constrained by its proximity to its 
I mineralized counterpart so that similar conditions of soil moisture, 

species density and diversity were assured. Test site locations 
are plotted in Figure lA-3. 

The test sites were arranged so that spatial variation at a number 
of scales was discernable. As seen in Figure lA-3, the four sites 
I are arranged so that they form a grid whose perimeter lies approxi- 

I mately along and perpendicular to the regional strike. Thus, if 

test sites display different forms for the relationships among 
important variables or if they differ with respect to means or 
variances for factors under investigation, a geologic framework 
for interpreting these differences is available. 

Grid sampling schemes are common in field sciences and are extremely 
efficient for data collection. Such a scheme is used in laying out 
^ individual test sites (see Figures lA-4 and lA-5). This sampling 

strategy will be used for collecting vegetative, soil and remote 
^ sensing measurements as the data collected in this manner can be 

, easily and statistically analyzed by an analysis of variance 

(Fisher, 1971). The data collected in a preliminary experiment in 
October 1979, may serve as an illustrative example of this approach. 
In this experiment, vegetation samples were collected at three of 
the test sites--Julia, Valcooper and Sarkis — sites 1, 3 and 4 (refer 
to Figure lA-3). In the context of the sampling grid given in Figure 
lA-4 each grid node was a white oak ( Quercus alba ) . Leaf samples 
' were collected from each tree and analyzed for trace metal content. 

(In a previous study within the Mineral District, Leavitt (1977), 
found differences in the trace metal content of vegetation growing 
over mineralized versus non-mineralized areas were greatest in 
second year twigs. In the present study, however, leaves are 
examined because am.ong the aerial parts of a plant they contribute 
the overwhelming portion of the reflected energy detected by a 
sensor. ) One of the questions to be answered by this experiment is 
whether or not trace metal differences are detectable in senescing 
■ leaves from mineralized and non-mineralized regions. 
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A second question to be addressed is whether or not . Ha 

if i" "he ia^yTc T'"' 

tree. Such a question arises because, if we are to analvze thn< 5 A 

contributing the most reflected energy to a sensor we 
should be collecting samples from the top oFtht ^rlS i^thrsun 
facing the direction of the sensor. This is difficult when 
f trees 35-50 feet tall. if, however, the trace metal 

content of a leaf is not related to its position in the canopy or 

easiW reaShed"hiiohir‘°"fl!^'’ "® "ay sample from more 

used “rcoUect T 

or3oS!"^j2S5'''?W°'‘anS'MO°?‘' compass azt:uthl 

To summarize. Table lA-2 lists all the levels at which can be 

FigurriA-5 Siaa™ ?h distribution in leaf samples 

figure lA b diagrams the experimental design. ^ 


TABLE lA-2 - TESTABLE PHENOMENA, FIELD EXPERIMENT FY79 

Source of Variation 

1. Mineralized - Non-Mineralized 

2. Across and along strike--district level 

3. Across and along strike — test site level 

4. Across and along str ike--subsites 

5. Orientation (azimuth) 


D. ueignt in canopy. 

Phenomena 1 through 6 may be used to answer the two questions nosed 

fn?^1i ^ examined in phenomena 1-4? We may test 

tor differences in the trace metal content and model how the tJace 

anci 6 m?! r' with spatial scale. Variations in effectfs 

- c nswcr question 2 and indicate the appropriate location 

to somplo, the variation in trace metal content and, hence the 
appropriate sample sire for further work. hence, the 


Four hundred and ninetoon leaf 
f>lasma spectroscopy and atomic 
the trace metals of specific i 
of these analyses are given in 


samples were analyzed by induced 
absorption for 14 elements includin 
nterest Zn, Pb, Cu, Cd. The result 
Table lA-3. 


y 
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Several conclusions and conjuctures should be noted. 

There does not appear 

concentration of o^rce of variation and reduce by a 

drop this as a potential future collections. (We repeated 

factor of 4 our sample size in validity of the 

this sampunc, 

October 1979 results; analysis is not yc 

2. There is a ^'5“ .^f‘^h|*®ht"^in*^the'^canopy!^'^ (Nelson and 

irr present ^inveftigatin, the functional tor. describing 
thf manL? !n*^which concentrations decrease.) 

3. The ‘bsP ^u«her°analysifof^cS^Liance'p?S«dure, 

uafn; °ah-Jirorso l/ istrv a t- covariate, is bein^er-^^ 
formed to determine if this tree to 
soil variations or genetic factors. 

RECENT ACCOMPLISHMENTS 

In FY80 there was one data ^^]^^^g*^^^"septSer ^Students from the 
October, and two data collections in Septe^jr._^ collec- 

University of Maryland collection of a large am.ount 

tions. This system of leaf samples which were 

of data. Each data colie »-raments and chemical analysis and 

subiocted to reflectance October 1979 

was' performed on the same sampling grid as tr.e 


experiment . 


band hand- 


Reflectance measurements were “®g'’lA-6*^'(af ter Tucker, 

held radiometer (Tucker et ^ on a 

1978) shows the positron M ThoLtic Mapper 

typical vegetation spectr™. ro the amount of chlorophyll 

(TM) bands 3, 4 and 5. TM 3 ^ure information in the photo- 
present. TM 4 IS positioned to capture in reflective. 

graphic of the amount of leaf water present 

TM 5 is interpreted as a measure 

in the vegetation. 

11 4 .^^ 1 PYftO field season should be com- 

Analysis of early January 1981. However, pre- 

;a?e jiiven in^T^^^^^^ 

^''Ihe t^en^s confirmed by analysis of 


pie ted in 
1 iminary 
LA- 7 and 
stress that 
from other months, nor was 


da t a 


' nClH V t: C - . 

the June experiment designed to compensu 
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•> ■; « -V ,( t T 


bias (as was done in later months) . 
for certain potential sources v higher radiance in all three 

T^biriA-4 demonstrates a significantly higher 

bSndl from clipped vegetation at results are con- 

versus the researchers for spectral regions 

i-raUr^oT.-3 - -- :^^^ufe%r-ri £a 

lr.XZ.TlrX ZVrlLZX vadlance^values^as -e -es^towards 

"su?fi:rSes«iLf b^thr^SlaSce values measured at the SarKrs 
site . 

SIGNIFICANCE 

TThforo definitive statements 

we are rapidly achieving a ^ be made about the relation 

^Lfinitive in a statistical Jon and the reflectance 

ship between the presence J^^^^^^i^onment. Development of _ 

of vegetation m a Jocols based upon these relation 

exploration procedures c P reconnaissance stage of 

sl^lajy vege^^^^^^^ 

C'?rsamplf a vegX^ed population and structuring 
tion t6Sit\s • 
future emphasis 

In FY81 we will repeat the r^P^gQ^'rest site results. A second 
determine the reliability of FY80 ^ VA will be chosen 

test site similar in We will also expand our 

and monthly data collection per a thermal measurements 

remote sensing data to sfunction and consequent c^^P°" 

Testing hypotheses about stcn^tal aysfunct^^^ 

transpiration changes. 

FY80-83 period is given m Table 
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TABLE lA-5: Highlights of Geobotanical Research FY1980-1983 
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Figure lA-2: Geologic Map of Mineral Sulfide District 
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FiGure lA-4: Illustration of Elements in Hierarchial Experimental 

Design for Individual "^est Sites 
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Figure lA-7: Julia Test Site — June 1980 

Radiancel Values from TM3 (0.63-0.69 um) 
Using Three Band Hand-Held Radiometer 
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Figure lA-8: Sarkis Test Site--June 1980 

Radiance^ Values for TM3 (0.63-G 
Using Three Hand-Held Radiometer 


B. THEMATIC MAPPER SIMULATOR FLIGHT OVER THE 


COTTER BASIN GEOBOTANICAL ANOMALY 


BY 

A.W. Siegrist, E. Masuoka, C.C. Schnetzler 


OBJECTIVE 

The next generation of land observing systems, to be inaugurated 
by Landsat D in 1982, will carry an advanced scanner known as the 
Thematic Mapper. This scanner will cover a broader spectral region 
and have more optimally chosen bands than the presently flying 
Multispectral Scanner. The objective of this study was to deter- 
mine if the Thematic Mapper's spectra regions are useful to detect 
geobotanical anomalous areas. 

BACKGROUND 

Abnormal metal concentrations in plants may stress the plants 
internal constituents to the point of modifying the spectral 
reflectance of the species. In both laboratory and field experi- 
ments. several authors (Barker and Horler, 1979; Birnie and 
Francica, 1979; Birnie and Dykstra, 1978; Canney et al., 1970; 

Collins et al., 1977; Howard et al., 1971; Lyon, 1975; Press, 1974; 
and Yost, 1975) have studied the optical properties of plants as 
heavy metal concentrations were allowed to influence physiological 
processes such as the balance between chlorophyll synthesis, 
chlorophyll breakdown, growth and leaf structure. Table lB-1 presents 
the significant results of these numerous studies by plant species 
observed, type of metal stress and the direction (increase or 
decrease) in which reflectance values of stressed plants tend in 
comparison to background plants. For example. Barber and Horle. 

(1979) report that Pisum sativum stressed by abnormal cadmium con- 
centrations exhibit, as compared to control plants, increased 
reflectance in visible wavelengths (.475, .550, .660 urn) simultan- 

eously with decreased reflectance in infrared wavelengths (.850, 

1.65, 2.20 i.m) . On studying this table, it may be stated generally 
over a variety of species, metals, and experimental conditions that 
metal stressed plants, in comparison to background plants, exhibit 
increased reflectance values at visible wavelengths and decreased 
values at near infrared wavelengths (1.0-2. 5 urn regions). Results 
at visible wavelengths are explained by depressed total leaf 
chlorophyll concentrations per unit leaf fresh weight. Results 
at near infrared wavelengths, provided by Barber and Mo-ler (1979) 
only in the 1. 5-2.0 ..m region, may be associated with changes in 
loaf structure which increase the internal scattering or trans- 
mittance of leaves. 
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^ (1977) surveyed conifer forests covering copper 

Collins et al. (ly//; t>uj.vcj nark County, Montana 

sulfide bodies in an near inf rS U 45-1.00 um) 

known as Cotter Basin. ^ _ collected by an airborne, 500-band, 
reflected radiance data w , soectroradiometer . Using 

high resolution (0.0015 teJ?Iv?ty properties were 

this instrument anomalous ^ the reflectance spectrum 

blue wavelengths 

in the 0.70-0.78 um region. 

The present ^^udy was undertake^ ^itr^hema^if M^ppersim^^^ 

demonstrated by Collins et ^ nnblished by other workers and 

troradiometer. expected that an anomalous site should 

presented in values in visible wavelengths and 

5:crefsere^lu^s^^^nrrrerwavelengths in comparison to a back- 
ground site. 


RECENT ACCOMPLISHMENTS 


Thematic Mapper Simula 
Cotter Basin, Montana, 
aircraft flown at an a 
The scanner has an act 
resolution of 2.5 mill 
meters on a side. The 
magnetic radiation in 
Mapper channels, plus 


tor (TMS) ‘i^ta were collected over the^^^ 
test site on August 29, 1 y 

lJ:"scL°Lg!rofrord"egrees an£a^spatial 

Jimultaneousirrecords^d^ 
eight discrete channels, the scve 
a Lnd in the 1.0 to 1.3 um region. 


..Anomalous" and "background" ji^es were outlined_wit^ 

data by referring ^°^i^y%noma!y as givL by Collins, 

as well as to the soil L lected entirely within Collins 

Initially, the anomalous si within the soil geochemistry 

vegetation-spectral anomaly ^ the small anomaly . The 

anomaly) and is referre ^ both Collins^ vegetation- spectral 

backcground is located approximately 

anomaly and j_ine Ldir and on similar topography as 

the same angle from • about 500 pixels and covers a 

the anomalous site. Each ^ giSe. From the means 

ground area approximately 160 meters on a si^^ t-values 

and standard deviations of ^ if significant statistical 

were calculated and tested to tance values of the 

differences exist between t e various spectral channels, 

anomalous and background sites are^given in Table 2. 

The means, standard reflectance va!uL from an 

Negative t-values values from a background site, 

anomalous site are higher values from an 

^;:;mairus''srJe"fre"oirr ?han a background and NS indicates that 
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the reflectance values are not significantly different from one 
another. As can be seen from Table lB-2, all but the 1.0-1. 3 yin band 
showed significant differences between the small anomalous and 
background sites. The increased reflectance of the small anomaly 
over the background sites in visible wavelengths is consistent 
with previously published results (refer to Table lB-1) whereas 
increased reflectance in near infrared wavelengths is not. 

Having produced results which were only partly consistent with 
other studies, larger sites were chosen. The large anomaly test 
site incorporates the Collins vegetation-spectral anomaly area 
plus the soil geochemistry anomaly. The large background site was 
chosen outside of both of these but at approximately the same 
distance from flight line nadir and on similar topography. Each 
of these sites contains approximately 2000 pixels and covers a 
ground area of approximately 345 meters on a side. Results of 
the t-value test on larger sites were somewhat different. TMS 1 
was still statistically different, but in an opposite sense; like- 
wise TMS 4. The thermal band, TMS 8, show no statistical difference. 
The other five bands show the same direction and general statis- 
tical difference as for the small test sites--that is, the reflec- 
tance values for the anomaly are greater than those for the back- 
ground over both visible and near infrared wavelength regions. 

Fearing the possibility of autocorrelation between observations 
biasing the t-values, every 10th line and every 10th pixel were 
sampled from the large sites (thus, only about 20 pixels/site 
were used instead of 2000) for TMS channels 3, 4, 5, and 6 and 
t-values were recalculated. The results are generally the same 
as for the total test sites for all channels except TMS 4, in 
which case, there was no significant difference between the anomaly 
mean reflectance and the background mean reflectance. 

Finally, it was suspected that perhaps the large anomaly site 
included excessively high reflectance pixels attributable to 
small test pits and/or road surfaces, not related to the problem 
of vegetation-spectral anomaly versus background. Therefore, the 
large sites were modified to exclude the excessively high outliers; 
again the results for the three bands were generally the same, 
except t-values were even higher, but TMS channel 4 results were 
not significant. 

To summarize, TMS channel 1 gave mixed results--both tests were 
statistically significant but in opposite directions. TMS channels 
2 and 3 gave statistically significant results which were consis- 
tent with a fairly large body of laboratory, field and aircraft 
data. TMS channel 4 had mixed statistically significant results 
in two tests and two "not significant" results in the special 
autocorrelation and outlier tests. The previous laboratory, field 
and aircraft results are mixed for this spectral region — in some 
cases showing small increases and in others small decreases. There 
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is essentially no other data with which to compare our results for 
channel 5, which showed significant variations in 3 of the 4 tests. 
Both channels 6 and 7 consistently show statistically higher 
reflectance in the anomalous sites compared with the background 
sites, contrary to the small amount of laboratory data available. 
The thermal channel, TMS 8, shows mixed results on the two tests 
a small but significant t-value, and a non-significant value. 

The data also suggest that anomalous sites have a "richer texture, 
or greater variation in reflectance (as shown by the standard 
deviations in Table lB-2) than the background sites. 

SIGNIFICANCE 

This study suggests that the Thematic Mapper can be used to detect 
geobotanical anomalies. In particular, it indicates that the near 
infrared regions, especially the !• 55-1. 75 pn\ region, could be 
the most sensitive region to measurements of stress related 
changes in vegetation spectra. There is also the suggestion t 
the degree of variation in reflectance may be indicative of stress 
in plants. 

FUTURE EMPHASIS 

During the next few months, several aspects of this data will be 
examined further. We will try to examine the non-gecpchemicaaly 
related, "natural," variation in vegetation spectra in the region, 
again trying to hold known parameter change, such as topography 
and scan angle variation, to a minimum. Also, we will expand the 
attempt to remove autocorrelation to all eight bands. If the 
basic conclusions do not change as a result of thxs further 
analysis. Barber and Horler will be asked to repeat their initial 
laboratory analysis which indicated that near infrared reflectance 
should decrease with increased metal contenL, an effect opposite 
to that which we observe at Cotter Basin. 
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TABLE IB- 2: MEAN, STANDARD DEVIATION AND T-VALUES OF TMS BANDS 
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Q . FUNDAMENTAL RELATIONSHIPS BETWEEN PLANT SPECTRA 
AND GEOBOTANICAL STRESS PHENOMENA 

by 

E. Masuoka 


OBJECTIVE 

As part of an integrated program of fundamental and applied research 
in geobotanical exploration, NASA is sponsoring research at Imperial 
College (London, England) to study the optical and physiological 
responses of plants grown under conditions of metal stress. This 
approach will provide important fundamental information about the 
spectral properties of plants growing in metal rich solutions, 
which can be used in the planning and interpretation of remote 
sensing field studies. 

Current research conducted at Imperial College is directed towara 
investigating three potential signatures of metal strewed vegeta- 
tion: a shift of the chlorophyll absorption edge to shorter wave- 

lengths (Collins et al., 1977 and Chang and Collins, 1980) (see Figure 

iC-i) ; increased reflectance in the visible wavelengths (Horler 
et al., 1980 and Canney et al., 1970); and increased canopy tem- 
peratures (Canney et al. , 1972 and Horler et al. 


1980) 


BACKGROUND 

Peas, soybeans, and sunflowers were grown in aerated hydroponic 
solutions containing nutrients and varying amounts ^ ' 

cadmium or zinc. Measurements of reflectance at wavelengths charac 
teristic of the first six Thematic Mapper (TM) bands (see Table lC-1] 
measurements of thermal emissivity and measurements of the dimen- 
sions of roots and shoots were recorded throughout the experiments. 

A separate study of oaks ( Quercus rober ) growing on 

at a copper-arsenic mine was undertaken to determine if the labora 
tory results concerning heavy metal stress and reflectance cou 
be duplicated at a field site. 

RECENT ACCOMPLISHMENTS 

Experimental results indicate that the increase in reflectance in 
the visible wavelengths noted in the leaves of metal stressed vegc 
tat ion is associated with the destruction of chlorophyll or e ^ 
inhibition of chloropl.yll synthesis. The experiments also reveaxed 
that not all plants exhibit higher reflectance calues under metal 
stress. Of special interest were the oaks which showed no change 
in the visible bands, but a significant decrease in renectance in 
two of the infrared bands, 0.8 and 1.65 urn. Work in the red region 
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of the spectrum, from 0.675 to 0 725 ym strongly suggests that the 
red shift of Chang and Collins (1980) is due to a reduction in 
the total chlorophyll in the leaf (Horler et al., 1980). 

Results from experiments which measured the effects of heavy metal 
stress on plant canopy temperatures, show that plants growing in 
a solution containing 200 ppm copper or 200 ppm cadmium were l^C 
warmer than controls. However, experimental results also revealed 
that metal stress is impossible to detect when plants are in a 
state of water stress. Under water stress the canopy temperature 
of both metal stressed plants and controls rose 3.5*^ (Horler et al.. 


SIGNIFICANCE 

Results of the reflectance experiments suggest that if reflectance 
measurements are to be used to detect geobotanical anomalies, the 
researcher must have an intimate knowledge of the normal reflectance 
values of each major plant species in the survey area, because there 
IS no general relationship between reflectance and metal stress 
which holds for all species. Results of experiments studying the 
red shift' suggest that the development of highly sophisticated 
sensors to detect changes in the proportions of different chlorophyll 
pigments is unnecessary because the 'red shift' is due primarily 
to a decrease in total chlorophyll. Results from the thermal experi- 
ments are significant because they suggest that the best time to 
ook for ta.nicd 1 anorriciliGS with therrudl rcrnote sensino is 

during periods of ample rainfall, 

FUTURE EMPHASIS 

In the future the work at Imperial College will center on examining 
the effects of climatic and edaphic variables, i.e., ambient light, 
humidity, temperature, soil pH, etc., which may complicate the 
extrapolation of laboratory results to the field. These experi- 
ments will bo carried out in field plots, where anomalous soil 
conditions will be created by mixing mine wastes containing copper, 
lead, and zinc into uncontaminated soil, and in a forest in North 
Wales, which is growing on a massive porphory copper deposit. 
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D . EXPERIMENTAL APPLICATION OF LANDSAT TO 
GEOBOTANICAL PROSPECTING OF SERPENTINE OUTCROPS IN THE 
CENTRAL APPALACHIAN PIEDMONT OF NORTH AMERICA 

by 

Howard W, Mielke* 


OBJECTIVE 

The purpose of this research is to test the use of the Landsat as 
a tool for geobotanical prospecting of serpentine outcrops. 

BACKGROUND 

Geobotanical prospecting is the branch of earth sciences which 
employs field observation of the distribution of vegetation as a 
tool for locating mineral deposits. One example of geobotanical 
prospecting was the staking of claims and purchasing of land having 
potential chromium deposits in the Appalachian Piedmont of the 
eastern United States during the nineteenth century. These chromium 
deposits, associated with sites having serpentine outcrops, could 
be easily distinguished from sites containing other rock types by 
their vegetation. One of the most productive chromium mines was 
located within a large Maryland serpentine outcrop called Soldiers 
Delight . 

This serpentine outcrop currently supports a stunted tree-flora 
with an open canopy that is dominated by Virginia Pine ( P i nus 
virginiana) , Post Oak (Quercus stellata) and Blackjack Oak (Quercus 
mdiril^n^ca) . In contrast, the neighboring ultramafic and schist 
rock outcrops support a robust tree-flora with a closed canopy 
consisting of a variety of species and dominated by Chestnut Oak 
(Quercus prinus) and White Oak (Que r cus alba) . Prospecting for 
potential chromium deposits was a matter of search for the atvpical 
scrubby and open canopied tree— flora among lanes supporting agri- 
cultural production or dense deciduous forests. 

The overal study site extends along the Appalachian Piedmont from 
southeastern Pennsylvania through Maryland to northern Virginia 
and covered an area of 13137 km2 (5072 mi2). The Pennsylvania and 
Maryland sector of the study, an area of 7778 km ( 3003 mi*-) , 
includes serpentine outcrops with their well documented occurrences 
of serpentine mineral deposits. The Virginia sector, an area ot 
•3359 km2 (206 9 mi 2 ) , was included because the presence of serpentine 
outcrops there has not been as well documented as in the sector 
north of the Potomac. The inclusion of both regions with documented 
serpentine outcrops as well as an adjacent area provided a means of 
evaluating the methodology and app>lication of Landsat as a tool for 
geobotanical prospect ing. 

*MacaIcstor Uollcge, St. Paul, MN. 'ihis study was performed while 
author was an ASEE Summer Fellow at Goddard, and this report is 
excerpted from GSFC Technical Memorandum 80741 (see Publication) . 
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RECENT ACCOMPLISHMENTS 


Four Landsat passes, in February, April, July and October were 
analyzed on Goddard's AOIPS system. It was initially assumed that 
early spring, late fall or winter, when deciduous trees are leaf- 
less, were the times of year when conifer sites could be most 
easily distinguished from deciduous leaf-bearing trees. However, 
analysis of the CCT's revealed that the best time of the year for 
distinguishing coniferous sites from deciduous sites was in summer 
(mid-July) when all vegetation was in full leaf. At that time, sun 
angles are highest, the image is brightest and produces greatest 
contrast giving maximum resolution. Subtle vegetation differences 
are most easily observed from Landsat at the height of the growing 
season. Also, because of the brightness of the summer scene, 
image enhancement (subroutines which increase contrast) was not 
required. This is an advantage because each transformation of the 
image tends to degrade some aspect of its quality. 

Two well studied and documented serpentine bodies were chosen as 
training si tes--Soldiers Delight, northwest of Baltimore and 
Nottingham Park in the State Line District of Pennsylvania. Using 
the serpentine multispectral signature, a total of 159 sites with 
50 pixels or more were identified in the study area (Figure lD-1) . 

A subset of 41 of these sites were chosen for on site visit 
( numbered sites on Figure 1) , and a further subset (23) were sub- 
jected to soil chor.istry analysis and tree identification and 
measurement. Of these 23 sampled sites, eight had many chemical 
and vegetation features similar to the training sites. Thus the 
overall success rate was eight out of 23 samples or about a 35 per- 
cent success rate in identifying serpentine sites. However, the 
distribution of successfully identified sites was not even over 
the overall study area. North of the Potomac River eight of 12, 
or 67 per-cent, of the sampled sites had soil chemical features 
which linked tliem with serpentine outcrops while south of the 
Potomac none of the 11 sampled sites were, in fact, serpentine. 

This apparently is because north of the Potomac the broad leaf 
deciduous forest dominates, but south of the Potomac the natural 
vegetation is dominated by needle leaf evergreen coniferous species. 
In the study sites north of the Potomac, a multispectral signature 
based on conifers facilitated discrimination of anomalous vegeta- 
tion when compared to the background vegetation. However, south 
of the Potomac the target sites were indistinguishable from the 
natural background vegetation. 

SIGNIFICANCE 

While the study demonstrated that south of the Potomac another multi- 
spectral signature should be developed, on the 7778 km^ (3003 mi^) 
sector north of the Potomac this study established the effectiveness 
of the multispectral imaging satellite as a tool for quickly and 
accurately locating mineral sensitive vegetation communities over 
vast areas of land. 
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FUTURE EMPHASIS 


No Gxpansion of this work on serpentinG is planned foi the near 
future. A study of the use of geobotanical analysis of satellite 
data for general geologic mapping in the Appalachian area is being 
planned . 

PUBLICATION 

Mielke, H.W. , "Experimental Application of Landsat to Geobotanical 
Prospecting of Serpentine Outcrops in the Central Appalachian 
Piedmont of North America," GSFC Technical Memorandum 80741, 
July 1980. 
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CHAPTER 2 


MAGNETIC FIELD MODELING 
edited by 
R.A. Lanqel 


OVERVIEW 

The objective of the magnetic field modeling program is twofold: 

o To develop techniques for determining accurate, up-to-date 
models of the earth’s main magnetic field and its secular variation. 

o To develop methods for obtaining, verifying and representing 
crustal geopotential fields so that these data can be used for 
(developing broad— scale models of the composition, structure and 
evolution of the earth's crust. 

A key to research in geomagnetism is the ability to represent mag- 
netic fields from sources internal to the earth in terms of mathe- 
matical functions and/or maps which are easily reproducible and in 
a form usable for modeling studies. Our primary data source is 
from satellite-borne magnetometers (POGO in the past and Magsat 
currently) , supplemented by data from geomagnetic observatories, 
aircraft, ship and land surveys, and repeat stations. The internal 
geomagnetic field has a natural division into fields from the core 
of the earth and fields from the earth's crust. The mantle should 
not be a significant source of magnetic field because its tempera- 
^(j]-0g ^TCQ mainly above the Curie isotherm, thus eliminating rock 
magnetism, because the internal circulation of conducting material 
is believed to be slow compared to that of the core, and because 
the material circulated is of lower conductivity than that in the 
core. Thus modeling divides itself naturally into modeling of the 
core field with spnerical harmonic functional representations and 
modeling of the crustal field with maps and equivalent source 
functions . 

The object of modeling of the core iield is, f i s t , to maintain a 
useful representation of the time-varying field for purposes of 
navigation, magnetospher ic physics and bacl<Ciround removal in the 
study of crustal and magnetospher ic fields: and second , to serve 
as a source of information regarding processes in the earth’s core. 



While modeling of the core field is an old, established discipline 
of geomagnetism and is pursued by several groups around the world, 
in many respects it is still in a rudimentary stage of development. 
No existing techniques are useful for extrapolation of the field 

years into the future with acceptable accuracy, 
which means that we do not understand the mechanism for geomagnetic 
secular variation, nor do we even know how to model it properly. 
Recent research seems to indicate that some of the changes formerly 
attributed to changes of the internal field are in reality due to 
changing currents in the earth's magnetosphere, a phenomena not 
yet well modeled in itself. In addition, measurements from magnetic 
observatories, although accurate in themselves to within about 
fifty gamma or better, have not been capable of representation by 
global models any better than an rms of several hundred gamma. 

Research is thus directed toward the general problems of accurate 
modeling of the core field of the earth and its long term or 
secular variation. 

The object of modeling the crustal field is to provide a tool, or 
tools, to the solid earth geophysicist and geologist for regional 
scale crustal modeling. Because crustal fields at satellite alti- 
tude are very small (0-20 gamma) in the presence of the core field 
(20,000-50,000 gamma) and magnetospheric fields (0-2000 gamma), 
detection and representation of such fields is first of all a 
problem of extracting the signal from the background "noise" of 
the other fields and then developing appropriate mathematical 
representations of the resulting fields, such as equivalent source 
models. A good beginning has been made in solution of these 

problems and some useful results will be presented in the following 
sections. ^ 

Because data from the Magsat spacecraft became available during 
1980, a large portion of the work reported has to do with processing 
and analysis of that data. This includes exciting new results in 
modeling both core and crustal fields. An overview of the Magsat 
program is contained in the July-September 1980 issue of The Johns 
Hopkins APL Technical Digest (volume 1, no. 3). 
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A. PROCESSING OF THE MAGSAT DATA 


by 


R.A. Lancel and J.H. Berbert 


OBJECTIVE 

The objective is to prepare the Magsat data for analysis and to 
distribute tnat data to investigators. 

BACKGROUND 

Magsat is a spacecraft dedicated to measuring the magnetic field 
near the earth. It was launched at 1416 UT on October 30, 1979 
and re-entered the earth’s atmosphere at 0720 UT on June 11, 1980. 

Data acquisition began on November 2, 1979 and continued until a 
few hours prior to re-entry. Two instruments provided the field 
measurements. A cesium vapor magnetometer measured the magnitude 
of the field (scalar field) to an accuracy of about +1 gamma and 
a fluxgate magnetometer measured the components of the field to 
about +3 gartuna. On-board star cameras, sun sensor and a pitch 
gyro were utilized to measure the attitude of the spacecraft to 
an accuracy of a few tens of arc seconds. Because the star 
cameras were located on the main body of the spacecraft while the 
sun sensor was located at the end of a boom, with the vector mag- 
netometer, an optical attitude transfer system (ATS) was incorporated 
to relate the location of the end of the boom relative to the star 
cameras . 

CALIBRATION OF VECTOR DATA 

Because fluxgate magnetometers are subject to drift, a procedure 
was devised to utilize the scalar data to redetermine the calibra- 
tion parameters of the fluxgate magnetometfr (Lancaster et al., 1980). 

The procedure has been applied successful .y. In doing so it was 
observed that the fluxgate calibration parameters were indeed changing 
with time. As a result, the calibration parameters have been recom- 
puted at four day intervals. An additional complication was caused 
by the partial failure of the scalar magnetometer. This magnetometer 
actually contains two sensors, designated A and B, which can operate 
either together or singly. Beginning in early' December, only sensor 
A was utilized, except for selected days when both sensors were 
turned on. The single sensor calibrations differ slightly from the 
combined sensor calibrations. The reason for this is still under 
investigation. 






Figure 2A-1 illustrates the quality of the results. Calibration 
parameters were derived utilizing data from November 22, 1979. 

Those parameters were then utilized to reduce selected data from 
other days. For each of those days the field magnitude computed 
from the fluxgate magnetometer was compared to that measured by 
the cesium magnetometer. The mean rms and maximum difference are 
plotted. It is apparent that the calibration from November 22 data 
becomes less accurate as the time of the data differs more and more 
from November 22. The symbols plotted to indicate maximum differ- 
ences are A, B or C depending on whether scalar sensor A, B or both 
were operable. On November 22 both sensors were operating. Examina- 
tion of the curve for mean differences shows that when only sensor 
A was operating the mean difference increased. This is indicative 
of the differences in calibration as a function of the mode of 
operation of the scalar instrument. 

ATTITUDE OF THE VECTOR COMPONENTS 

Although the relative alignments of the ATS, sun sensor and star 
cameras were carefully measured prior to launch, it became apparent 
that one or more of these shifted during launch and that some shifts 
were occurring during flight. The Attitude Determination and 
Control Section at GSFC were able to compute the relative realign- 
ments in a very satisfactory .manner but there is no information in 
the attitude data itself to determine the new absolute alignment. 

To resolve this problem we took advantage of the fact that the 
spacecraft is rotating relative to the earth and that, therefore, 
any magnetic field bias caused by an attitude bias which is con- 
stant or nearly so, in the spacecraft, or measurement, coordinate 
sv'stem, is rotating v;ith respect to the earth's fixed geomagnetic 
field. Accordingly, the software for deriving the spherical har- 
monic representation of the earth's main field was modified to also 
derive attitude biases. The results were successful to within about 
20 arc seconds and were utilized to make the final adjustments 
necessary for the Magsat fine attitude data. 

PROCESSING OF THE DATA 

Decommutatcd data is furnished by the Information Processing Division 
in three forms: 


(1) 

The magnetometer data 

on DECOM 

tape ; 

(2) 

Intermediate accuracy 

att i tude 

data; and 

(3) 

Final accuracy (FINE) 

attitude 

data . 


We in Code 900 then subject the data to a two- stage preparation 
process prior to sending it to the investigators. In the first 
step only intermediate accuracy attitude data is available. The 
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results of this stop.are to eu^inate -Jt of the spurious^aata,^ 

verify the times assrghed ordered, format. In the 

and to put the data ' performed to eliminate outlying 

second step a apply the fine attitude solution. 

^raa?ris"then"1o?«Jraerto tSS Ltional Space Science Data Center 
for distribution to investigators. 


i. v-i-*-*-''—*' 

r. n-^/15/80) of the 2 23 days of data acquired. 
SLf pro^esairiS^diys through step one and 17 days through 

step two. 
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Measurements," GSFC Tecnnical Memoranaum »zu 
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SPHEPTr^T_I^lAR^I C MODELS 


fri' 


by 


R.A. Langel, G.D. Mead and R.H. Estes 


OBJECTIVES 

The Objectives of developing spherical^ 

fePl^lenraUororrba; lieia ana 

S“rnU?i:^.“nrro‘fnabi;-bS o^ removal oi tbe cote fteia 

in the determination of crustal i 
BACKGROUND 

, V A ir. Oni-ober 1979, our basic data set 

Until Maqsat This has been supplemented by 

was from the TOGO reoeat stations, shipborne and 

data from maqnetic ' e, ‘ Maqsat successfully acquired 

aircraft surveys, and land . During past years 

data from November 2, L i s based on the POGO and sur- 

GSFC has published a senes for the rest of the 

face data which have basic problems in reure- 

sciontific community. ° nnin both for the main tield and for 

sentation accuracy still remain both^to^ accounting for the 

its secular variation. od data and the seeming inability 

-r;/';cp«rnni .raUi^n^rrn-rssTrbcon .nao in 1,»0. 

RECENT ACCOMP L I SHMENTS 

Maqsat r\odels 

With the acq' isition of up-to-date model of the 

it became possible to der i ye an accurate MGST(.l/80), 

main field. utilized vector data accurate to only 20 

r “iL^uoni -aci acnoio. 

r,^:.r;^n;l-‘^-;a:'.ribrrtocn nna ™nao n<. ib 

mi'del the secular variation. 
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MGST(6/80) is regarded as the most accurate model of its kind 

Utilized data from November 5-6, 1979 and fit 
data with root-mean-square deviations of 8 6 9 7 6 pinH 7 a 

magnitude, B„ B, , and B,? resi«ctiv4ly ?abl^ 

1 contains the resulting coefficients. The model includes the 
three first-order coefficients of the external ^ 

with averaged Dst indicates that zero Dst corresponds witk^25^n?'^ 

a r-ai ^o^els, the earth's dipole moment continues to decrease at 
a rate of about 26 nT/yr, as shown in Figure 2B-1. decrease at 

In response to a request from Dr. Edward Benton of the University 

d^gree/o^d^r^S """"f deri ved mode^nr 

cjree/oraer !d, /, 9 , 11 , 14 and 17. These will be i 

accurate low degree and order (i.e., ^ 8 ) terms 
hich can be projected to the core/mantle boundary. 

(1975) showed that field models derived from 
; . ^ ^ only (e.g., POGO) are likely to have systematic errors 

certain series of spherical harmonics, which they called "Backus" 

errorrhlve systematic coefficient 

f K f little effect on the scalar field computed from the 
model but can result in large discrepancies in field direction 

H component data. Magsat furnished an opportunity to 

effect (Stern et al., 1980K Sind 

be^prednt Anot systematic errors should not 
t present. Another model was created utilizing Maqsat scalar 
data only. Examination of the coefficients i cv, ^ 

errors of the tvpe oredicef^H k./ c*. indeed showed systematic 

I'.iraf- 4 -u ® predicted by Stern and Bredekamp (1975) Fnrhhor- 

£ S: m^d^J^e-L^eTC^i-Srs-^ 

these errors in the vertical component. ® 

-?^^£l_? lil .^^gsat and Pre-Magsat Da t a 

Utilizing software changes reported last year tociether wifh t-h^ 

- -d^;rs^a::rar?^=r:s:°b''iJf L?uLr 
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The data utilized includes: (1) Maqsat data from November 5-6, 1979; 

m oS^ stand^rfseUction of POGO data, (3) data from 167 magnetic 
observatories selected for best geographic coverage; (4) selected 
?epearstaticn data In derivative form, (5> marine magnetic data 
selected from regions where other surface data are sparse. The 
marine Lt^were low-pass filtered to minimize the contribution of 
crustal anomalies. Aeromagnetic data were not used because we are 
encountering difficulty in assessing its accuracy. 

Last year we reported on a new technique intended to account 
presence of crustal anomaly fields in the observatory data. Such 
fields can be substantial, tens to hundreds of gammas, and 
certainly are the cause of the high residuals of observatory data 
to past field models. The following excerpt from last years report 
summarizes this technique: 

"Annual means from a world-wide network of magnetic observatories 
represent the most useful data set for determining the secular 

variation of the internal field. ITrticulav 

means data into a main internal core field model 
epoch however, suffers from the fact tha^ the magnetic fie 
measured at the observatory is the vector sum of the main internal 
field and a contribution due to local crustal magnetization. 


B = B, 


where may change appreciably over_the distance of 


e distance of a fev>7 kilometers, 
remains constant. Thus models 


While bT varies with time, however, B^ remains constant. mu. 
of secular variation based on y,nie_de^J:y, 5 tj^es of annual mean. 


observations , 


B = B. 


are not influenced by the local anomalous field. 


GSFC has developed a field model 
main internal field and its secu 
both annual means and other data 
, The annual means data 
local observatory bias, , at e 
data to properly distribute its 
tion and constant parameters of 


The local biases. 


which 


model, [provide some physical mea 


inq technique which solves for the 
lar variation simultaneously, using 
types (satellite, marine, airborne, 
is accommodated by solving for the 
ach observatory. This allows the 
influence amonq the secular varia- 
the model in a least squares sense, 
estimated along with the field 
isure of the local anomalv' field. 


f 


Availability of Magsat data has enhanced the solution for observatory 
"anomaly" field by providing an independent vector data set at an 
altitude where the effects of such fields are small. Table 2B-2 
summarizes the "anomalies" found at various observatories utilizing 
this technique. 

In order to represent the secular variation of the earth's field the 
solution often includes not only the spherical harmonic coefficients 
bat also their first and, sometimes, second derivatives. A problem 
then encountered is that the representation of secular variation 
rapidly deteriorates outside the time interval of the data. This 
deterioration increases in severity as the derivatives used increases 
from first to second. We found, however, that, when the solution 
for observatory "anomalies" is included, the secular variation does 
not deteriorate nearly as rapidly. Furthermore, when third time 
derivatives were included the predictive capability was improved 
rather than made worse. This is illustrated by two field models 
of degree and order thirteen in constant and first derivative terms, 
five in second derivative terms and four in third derivative terms. 
Both of these models were derived utilizing data from the POGO 
spacecraft and data from 167 magnetic observatories. However, 
model A included solution for the observatory anomalies whereas 
model B did not. The observatory data utilized extended through 
1977 for most observatories with a small amount of data in 1978. 

The predictiv'e capability of these models was compared by computing 
residuals of Magsat data to each, as shown in Table 2B-3. Clearly 
model A is the better predictor. 


Based on these results it was decided to proceed further with models 
i ncor por a t i ng station anomaly solutions and third derivatives of 
the spherical harmonic coefficients. As of now we have not suffi- 
cient evidence to determine an optimum degree and order for the 
spherical harmonic coefficients and their derivatives. Spectral 
and statistical significance studies of those parameters are now 
underway. Meanwhile, we have utilized 13th degree and order for 
the constant and first derivative terms, sixth degree and order 
for the second derivative terms and fifth degree and order for the 
third derivative terms. Two such models were derived. PMAG(7/80) 
utilized observatory, repeat, POGO and selected marine data from 
1960 through 1980. This model is regarded as our "best pre-Magsat" 
model. GSFC(9/80> results from the addition of Macsat data to the 
data utilized in PMAG(7/80). Table 2B-4 summarizes the statistics 
relevant to these models and, for comparison, the recently published 
(Darker and Barraclough, 1980) model used in the British and U.S. 
Naval 1980 VJorld Magnetic Charts, WC80, the model (Poddie and 
Fabiano, 1976) utilized in the USGS 1975 world charts, and the 
MGST(6/80) model. From the Table we note: 


2-10 


1. The GSFC(9/80) model represents the Magsat data almost as 
well as does MGST(6/80) even though GSFC(9/80) is applicable for 
20 years while MGST(6/80) is for a single epoch. 

2. PMAG(7/80) represents Magsat data subi'tantially better than 
other pre-Magsat models. 

3. Both Pr4AG(7/80) and GSFC(9/80) represent the POGO data better 
then either VJC80 or ACW75. 

It is not really fair to compare the representation of surface data 
between models since some models include solution for the obser- 
vatory anomaly fields. 

Figure 2B-3 shows how these procedures allow accurate representation 
of observatory data during the time span of the data utilized in 
the model. The data plotted is for the observatory at Amberley. 

The three measured components, yearly averages, are plotted with 
X, Y, Z symbols. The predicted field from GSFC(9/80) , taking the 
observatory anomaly solution into account, is Represented by the 
numerals 1, 2, 3 connected with wolid lines. The solid lines 
represent the measured field very well for 1960.5-1975.5 but 
increasingly diverge for years prior to 1960. This is typical 
for prediction outside the range of data included in the spherical 
harmonic derivation. For some observatories the divergence is much 
greater than for Amberley while for some it is not as large. 

The predictive capability of GSFC{9/80) seems to be acceptable 
back to about 1955 or 1956, a range of 4-5 years outside the data 
span of the raodel . 

FUTURE EMPHASIS 

It is now necessary to thoroughly evaluate the new technique used 
in these models. Further, we must develop a quantitative measure 
for deciding on the proper degree and order of the spherical har- 
monics and their derivatives. One problem that is apparent is 
that when using derivatives of the harmonic coe f f icients , any 
prediction must eventually diverge because the number of deriva- 
tives that can be meaningfully determined is not enough for the 
scries to converge, even asymptotically. Another area which needs 
attention is the possible inclusion of aeromagnetic data. This 
will require a thorough evaluation o^ the quality of the data and 
the development of a method for removing anomaly fields from the 
data . 
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Table 2B-1 





The MGST(6/80) field model. All coefficients in nT 
Mean radius of the Earth = 6371,2 
Mean epoch is 1979.85. 


INTERNAL 


COEFFICIENTS 


n m 

1 0 
1 1 
2 0 
2 1 
2 2 
3 0 
3 1 
3 2 


m 

Jn__ 

-29989.6 

-1958.6 

-1994.8 

3027.2 

1661.6 

1279.9 

-2179.8 

1251.4 


m 


5608.1 

-2127.3 

-196.1 

-334.4 

270.7 


n m 

8 0 
8 1 


8 

8 

8 

8 

8 


2 

3 

5 

5 

6 


8 7 


0 

1 

2 

3 

4 

5 

6 
7 


4 

0 

938.3 


9 

4 

1 

782.5 

211.6 

9 

4 

2 

398.4 

-256.7 

9 

4 

3 

-419.2 

52.0 

9 

4 

4 

199.3 

-297.6 

9 

5 

0 

-217.4 


9 

5 

1 

357.6 

45.2 

9 

5 

2 

261.0 

149.4 

9 

5 

3 

-73.9 

-150.3 

9 

5 

4 

-162.0 

-78.1 

9 

5 

5 

-48.3 

91.8 

10 

6 

0 

48.3 


10 

6 

1 

65.2 

-14.5 

10 

6 

2 

41.4 

93.4 

10 

6 

3 

-192.2 

70.6 

10 

6 

4 

3.5 

-42.9 

10 

6 

5 

13.7 

-2.4 

10 

6 

6 

-107.6 

16.9 

10 

/ 

0 

71.7 


10 

7 

1 

-59.0 

-82.4 

10 

7 

2 

1.6 

-27.5 

10 

7 

3 

20.5 

-4.9 

11 

7 

4 

-12.6 

16.1 

n 

7 

5 

0.6 

18.1 

11 

7 

6 

10.6 

-22.9 

11 

7 

7 

-2.0 

-9.9 

11 

EXTERNAL COEFFICIENT^ 


— 


- m 



n 

m 

9n 



1 

0 

20.4 



1 

1 

-0.6 

-0.4 



m u 
9 

^n n 

n 

m 

m 

9n 

18.4 

11 

5 

-0.4 

6.8 6.9 

11 

6 

-0.3 

-0.1 -17.9 

11 

7 

1.7 

10.8 4.0 

11 

8 

1.8 

-7.0 -22.3 

11 

9 

-0.6 

4.3 9.2 

11 

10 

2.1 

2.7 16.1 

11 

11 

3.5 

6.3 -13.1 

12 

0 

-1.6 

-1.2 -14.8 

12 

1 

0.4 

5.6 

12 

2 

-0.1 

10.4 -21.1 

12 

3 

-0.1 

1.1 15.2 

12 

4 

0.6 

-12.6 8.9 

12 

5 

0.5 

r 


m 


2 

3 

4 

5 

6 


9.5 

-3.3 

-1.3 

6.8 

1.4 
-5.1 
-3.3 
-3.5 

2.5 
-5.3 
- 2.1 

4.6 

3.1 

0.6 

1.3 

2.8 

-0.5 

2.4 
-1.3 
-1.9 

2.2 
0.1 


-4.8 

-6.5 

9.0 

9.5 
-5.9 

2.1 

1.4 
0.4 

2.6 

5.6 

-4.2 

-0.4 

-1.3 

3.5 
-0.5 
- 6.2 

0.7 

1.7 

- 1.1 

-2.7 


12 6 
12 7 

12 8 

12 9 
12 10 
12 11 
12 12 

13 0 

13 1 

13 2 

13 3 

13 4 
13 5 

13 6 

13 7 

13 8 

13 9 

13 10 
13 11 
13 12 
13 13 


-0.4 

0.1 

-0.4 

- 0.2 

0.7 

0.0 

0.0 

-0.5 

0.3 

-0.7 

0.0 

1.2 

-0.4 

0.4 

- 0.6 

0.2 


0.1 

0.4 

-0.4 

0.0 


0.6 

- 0.1 

-2.4 

-0.3 

-1.4 

- 1.6 

0.6 

0.6 

0.6 

2.3 

-1.5 

0.5 

0.2 

-0.4 

0.0 

0.0 

-1.5 

0.3 

0.7 

-0.4 
0.4 
1.6 
0.0 
- 0.6 
- 0.1 
0.8 
0.2 
0.8 
0.5 
- 0.1 
0.0 
■ 0.1 
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TABLE 2B-2: OBSERVATORY ANOMALIES 


STATION 

LAT. LONG. 

ALT. 

ANOMALY BIAS 

BEGINNING 

ENDING 




“7 7 r 

TIME 

TIME 




NORTH EAST DOWN 



AOOIS ABABA 

9.03 38.76 

2.44 

489.5 15.1 148.6 

1960.5 

1970.5 

ACINCOURT 

43.78 - 79.27 

0.18 

- 45.7 175.7 - 140.4 

1960.5 

1969.1 

ALERT 

82.50 - 62.50 

0.06 

5.7 34.6 - 143.2 

1961.9 

1974.5 

alibag 

18.64 72.87 

0.01 

- 80.2 463.7 669.0 

1960.5 

1973.5 

ALHA AT A 

43.25 76.92 

1.30 

125.9 42.2 - 152.1 

1963.5 

1976.5 

ALHERIA 

36.85 - 2.46 

0.C6 

- 6.0 8.6 22.2 

1960.5 

1976.5 

AMBERLEY 

- 43.15 172.72 

0.04 

- 44.0 - 16.8 70.1 

1960.5 

1976.5 

ANNAHALAINAGAR 

11.37 79 . 6 B 

0.0 

219.5 - 80.4 - 174.6 

1960.5 

1974.5 

APIA 

- 13 . 81 - 171.78 

0.0 

- 86.9 208 . 1 - 1017.2 

1960.5 

1976.5 

AOUILA 

42.38 13.32 

0.63 

- 8.4 42.2 9.5 

1960.5 

1976.5 

ARGENTINE I SLNO 

- 65.24 - 64.26 

0.01 

69.3 - 83.5 512.8 

1960.5 

1967.5 

BAKER LAKE 

64.33 - 96.03 

0.04 

149.0 - 41.9 - 103.8 

1960.5 

1968.5 


64.33 - 96.03 

0.04 

219.4 - 109.7 - 114.3 

1969.5 

1976. 5 

BANGUI 

4.44 18.56 

0.44 

- 85.6 42.0 95.0 

1960.3 

1968.5 


4.44 18.56 

0.44 

- 119.3 36.6 107.3 

1969.5 

1974.5 

BARROW 

71 . 30 - 156.75 

0.0 

23.9 - 66.1 - 32.0 

1960.5 

1977.5 

BELSK 

51.84 20.79 

0.18 

96.5 153.5 314.0 

1960.5 

1976.5 

BEREZNAYKI 

49.82 73.08 

0.0 

- 423.8 14.7 338.9 

1965.5 

1976.5 

BINZA 

- 4.27 15.37 

0.0 

- 144.4 - 118.0 - 177.5 

1960.5 

1966.5 

BJORNOYA 

74.50 19.20 

0.08 

- 107.6 40.7 37.8 

1960.5 

1964.5 


74.50 19.20 

0.08 

- 119.9 54.6 2.5 

1965.5 

1969.5 


74.50 19.20 

0.08 

- 122.1 47.1 28.0 

1970.5 

1972.5 

BOULDER 

40 . 14 - 105.24 

1.65 

- 52.5 53.5 - 160.3 

1964.5 

1977.5 

8YR0 

- 80 . 02 - 119.52 

1.52 

- 24.2 37.5 - 147.2 

1962.5 

1968.3 

CASTLE ROCK 

37 . 24 - 122.13 

0.46 

- 128.6 - 16.5 5.7 

1970.5 

1974.5 

CHA PA 

22.35 103.83 

1.55 

- 119.6 - 90.5 - 2.9 

1960.5 

1975.5 

CHANBON FORET 

48.02 2.26 

0.15 

- 79.7 - 24.5 119.0 

1960.5 

1975.5 

CHELYUSKIN 

77.72 104.28 

0.01 

- 49.7 - 95.0 - 80.1 

1960.5 

1976.5 

COINBRA 

40.22 - 8.42 

0.10 

- 5.4 - 22.8 48.0 

1960.5 

1976.5 

COLLEGE 

64.8 6 — 147 .84 

0.09 

- 17.2 - 60.7 - 107.3 

1960.5 

1977.5 

DALLAS 

32.99 - 96.75 

0.21 

- 15.1 23.8 - 73.5 

1964.5 

1974.5 

OIKSON 

73.55 80.57 

0.02 

- 114.5 - 140.0 - 278.3 

1960.5 

1962.5 


73.55 80.57 

0.02 

- 104.5 - 147.6 - 248.6 

1963.5 

1976.5 

DONBAS 

62.07 9.12 

0.66 

- 93.7 - 79.0 - 234.8 

1960.5 

1974.5 

DOURBES 

50.10 4.59 

0.23 

- 7.7 - 16.8 98.4 

1960.5 

1976.5 

DUNONT OURVILLE 

- 66.66 140.01 

0.04 

- 172.8 - 389 . 2 - 2687.6 

1960.5 

1972.5 


- 66.66 140.01 

0.04 

-1 2.0 - 419 . 3 - 2852.9 

1973.5 

1975.5 

DUSHET I 

42.09 44.70 

0.98 

- 238.4 4.8 - 82.7 

1960.5 

1976.5 

DYNER 

50.72 30.30 

0.18 

- 26.6 90.1 117.9 

1964.5 

1976.5 

FORT CHURCHILL 

58.77 - 94.10 

0.04 

- 140.2 46.8 - 255.8 

1965.5 

1976.5 

FREDERICKSBURG 

38.21 - 77.37 

0.07 

28.1 - 69.7 120.5 

1960.5 

1977.5 

FUOUEnE 

5.47 - 73.74 

2.54 

14.4 - 88.7 215.8 

1960.5 

1974.5 

FURSTNFELOBRUCK 

48.17 11.28 

0.57 

- 31.2 - 5.9 14.9 

1960.5 

1976.5 

GNANGARA 

- 31.78 115.95 

0.06 

- 51.0 - 127.8 122.5 

1960.5 

1976.5 

GUUHAVN 

69.24 - 53.52 

0.01 

207.6 - 257. 3 469.0 

1960.5 

1973.5 

CURNOTAYEZHNAYA 

43 . 6 B 132.17 

0.30 

- 13.3 - 23.5 - 37.8 

1960.5 

1976.5 

GREAT WHALE R 

55.27 - 77.78 

0.02 

258.3 113.5 - 58.9 

1966.5 

1975.5 

GRUCKA 

44.63 20.77 

0.23 

- 40.0 - 48.9 - 51.1 

1960.5 

1976.5 

GUAN 

13.58 144.87 

0.04 

174.9 104.3 - 2.7 

1960.5 

1977. 5 

HALLEY BAY 

- 75.52 - 26.68 

0.03 

- 26.3 400.2 - 7.4 

1960.5 

1966.5 

HARTLAHO 

51.00 - 4.48 

0.09 

- 54.6 7.0 64.2 

1960.5 

1976. 5 

HEL 

54.61 18.81 

0.0 

31.8 - 157.2 - 73.6 

1960.5 

1968.5 

HERNANUS 

- 34.42 19.22 

0.03 

- 17.6 24.0 - 5.7 

1960.5 

1975 . 5 

HONOLULU 

21 . 32 - 158.00 

0.0 

- 174.4 112.9 - 304.6 

1961.5 

1977.5 

HUANCAYO 

- 12.04 - 75.34 

3.31 

90.3 48.5 246.8 

1960.5 

1976.5 

HYDERABAD 

17.41 78.55 

G .50 

352.2 109.6 457.0 

1965.5 

1976. 5 
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TABLE 2B-2; OBSERVATORY ANOMALIES (cont'd) 


STATION 


LONG. ALT. 


ANOMALY BIAS 






X 

Y 

r 

TIME 

TIME 





NORTH 

EAST 

DOWN 



ISTAH8L KNOILLI 

41.06 

29.06 

0.13 

171.5 

121.7 

1.9 

1960.5 

1975.5 

KAKIOKA 

36.23 

140.19 

0.03 

-1.5 

0.5 

-89.8 

1960.5 

1964.5 


36.23 

140.19 

0.03 

-6.8 

3.1 

-64.3 

1965.5 

1976.5 

KELES 

41.42 

69.20 

0.45 

-215.5 

-43.4 

-12.4 

1960.5 

1963.5 

KERGUELEN 

-49.35 

70.20 

0.05 

177.2 

206.1 

633.0 

1960.5 

1975.5 

KIEV 

50.72 

30.30 

0.16 

-70.4 

187.7 

129.9 

1960.5 

1963.5 

KLYUCHl 

55.03 

82.90 

0.0 

159.1 

-86.2 

6.3 

1967.5 

1976.5 

KRASNAYA PAKHRA 

55. 4B 

37.31 

0.20 

108.3 

-12.8 

243.5 

1960.5 

1976.5 

KSARA 

33. B2 

35.89 

0.92 

-67.1 

67.4 

-77.7 

1960.5 

1970.5 

LEIRVOGUR 

64. IB 

-21.70 

0.01 

-299.9 

594.9 

-482.9 

1960.5 

1975.5 

LERWICK 

60.13 

-1.18 

0.06 

-137.3 

169.3 

37.7 

1960.5 

1976.5 

LOCRONO 

42.46 

-2.51 

0.44 

-2.3 

0*6 

56.4 

1960.5 

1976.5 

LOPARSKOYE 

6B.25 

33.08 

0.21 

90.1 

337.4 


1961.5 

1976.5 

LOURENCO NARQES 

-25.92 

32.58 

0.05 

328.5 

34.2 

-159.6 

1960.5 

1971.5 

LOVQ 

59.35 

17.83 

0.02 

35.2 

0.9 

7.5 

1960.5 

1976.5 

LUANDA BELAS 

-a. 92 

13.17 

0.05 

193.0 

-6.4 

50.0 

1960.5 

1974.5 

LUNPING 

25.00 

121.17 

0.10 

16.0 

-34.6 

79.9 

1965.6 

1974.5 

LVOV 

49.90 

23.75 

0.33 

128.9 

125.3 

153.7 

1960.5 

1976.5 

LWIRO 

-2.25 

28.80 

1.66 

246.5 

130.7 

19.6 

1960.5 

1970.5 

H SOUR 

14.39 

-16.96 

0.01 

143.0 

-48.4 

78.8 

1960.5 

1971.5 

MACQUARIE ISLNO 

-54.50 

158.95 

0.0 

236.3 

-7.3 

309.5 

1960.5 

1976.5 

MAGADAN 

60.12 

151.02 

0.0 -1365.2 

346.4 

1273.7 

1960.5 

1966. 5 

MAURITIUS 

-20.09 

57.55 

0.05 

475.5 

-201.8 

-441.5 

1960.5 

1965. 5 

MAWSDN 

-67.60 

62.88 

0.0 

16.7 

25.0 

197.7 

1960.5 

1976. 5 

MEANOOK 

54.62-113.33 

0.66 

67.9 

8.3 

-160.3 

1960.5 

1975.5 

MENAMBETSU 

43.91 

144.19 

0.04 

-239.3 

133.1 

77.2 

1960.5 

1976.5 

MIRNYY 

-66.55 

93.02 

0.02 

-135.1 

50.2 

-428.5 

1960.5 

1976.5 

MISALLAT 

29.52 

30.89 

0.12 

-90.1 

73.8 

123.4 

1960.6 

1973.5 

MOCA 

3.34 

d.66 

1.35 

-102.6 

1.4 

151.6 

1960.5 

1971.5 

MOLOOEZHNAYA 

-67.67 

45.85 

0.0 

-40.6 

-95.5 

-207.4 

1965.5 

1976.5 

MOULD BAY 

76.20-119.40 

0.15 

-22.4 

5.0 

-40.7 

1962.8 

1976.5 

MUNTINLUPA 

14.38 

121.01 

0.06 

-64.2 

-183.9 

19.1 

1960.5 

1975.5 

NAIROBI 

-1.33 

36.81 

1.67 

47.4 

62.0 

-46.1 

1964.5 

1976. 5 

NARSSARSSUAQ 

61.10 

-45.20 

0.0 

-373.2 

273. 1 

575.5 

1968.9 

1973.5 

NEWPORT 

48.26-117.12 

0.78 

-71.3 

110.2 

-129.2 

1966.6 

1977.5 

NIEMECK 

52.07 

12.67 

0.08 

-41.3 

0.1 

-68.0 

1960.5 

1975.5 

NOVOLAZAREVSKAY 

-70.77 

11.83 

0.0 

-310.9 

72.4 

194.6 

1961.5 

1976.5 

NURMI JARVl 

60.51 

24.65 

0.11 

271.1 

-98. 3 

107.2 

1960.5 

1975.5 

OTTAWA 

45.40 

-75.55 

0.76 

104.7 

-143.0 

184.7 

1968.7 

1974. 5 

PANAGYURISHTE 

42.52 

24.18 

0.56 

-197.1 

-167.7 

-182.1 

1960.5 

1975.5 

PARAMARIBO 

5.81 

-55.22 

0.08 

-25.1 

-32.2 

-1.5 

1960.5 

1974.5 

PARATUNKA 

52.90 

15b. 43 

0.11 

-356.5 

225. 1 

271.6 

1969.5 

1976.5 

PATRONY 

52.17 

104.45 

0.54 

0.8 

46. 8 

-79.2 

1960.5 

1976.5 

PlLAK 

-31.67 

-63.83 

0.34 

77.2 

— 10. 6 

42.3 

1960.8 

1974.5 

PLAISANCE 

-20.43 

57.67 

0.0 

0.0 

0. 0 

790.0 

1966.5 

19 76.5 

PLESHENITZI 

54.50 

27.88 

0.20 

264.9 

166. 4 

-104.9 

1962.5 

196 7.5 


54.50 

27.88 

0.20 

269.4 

148. 3 

-119.6 

1968.5 

1976. 5 

POOKAN TUNGUSKA 

61.60 

90.00 

0.0 

28.9 

54.2 

-293.3 

1969.5 

1975.5 

PORT nURESBY 

-9.41 

147.15 

0.08 

-40.2 

59.8 

153.4 

1960.5 

1975.5 

PKUHONICE 

49.99 

14.55 

0.33 

-51.4 

25.4 

-69.2 

1960.5 

1971.5 

auETTA 

30.19 

66.95 

1.75 

-3.0 

52. 8 

-36.4 

1960.5 

1967. 5 

QUIACA 

30.19 

66.95 

1.75 

-11.3 

50. 7 

-54.6 

1968.5 

1975.5 

-22.10 

-65.61 

3.45 

88.5 

-54.4 

160.9 

1960.5 

1974. 5 

RESOLUTE oAY 

74.70 

-94.90 

0.02 

36.7 

30. 1 

72.0 

1960.5 

1975.5 

roburent 

44.30 

7.89 

0.B2 

76.5 

48.6 

117.7 

1964.8 

1965. 5 


44.30 

7.89 

0.62 

66.0 

-56. 3 

143.9 

1966.5 

1968.5 


44.30 

7.89 

0.82 

81.3 

59. 1 

89.1 

1969.5 

1973.5 

RUDE SKOV 

55.84 

12.46 

0.05 

19.1 

-5.5 

-33.4 

1960.5 

1976.5 
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STATION 


TABLE 2B-2: OBSERVATORY ANOMALIES (cont*d) 


LONG. ALT. 


ANOMALY BIAS 


NORTH EAST 


SABHAMALA 
SAN JUAN 

SAN NICUEL 
SANAE 

SCOTT BASE 

SINOSATO 

SITKA 

SOOANKYLA 

SOUTH POLE 

ST JOHN S 

STEKOLlNIY 

STEPANOVKA 

SYOMA BASE 

TAHITI 

TANANRASSET 

TANANARIVE 

TATUOCA 

TEHRAN 

TENERIFE 

TEOLOYUCAN 

THULE II 

TIHANY 

TIKSI 

TONSK 

TOOLANGI 

TRELEM 

TRIVANORUN 

TSUNEB 
TUCSON 
UELEN 
TRONSO 
ULAN BATOR 

valentia 

VANNOVSKAYA 

VASSOURAS 

victoria 

VOSTOK 
VOYEYKOVO 
VYSOKAY OUBRAVA 

MILKES 

HINCST 

YAKUTSK 

YANCl-dAZAR 

YUZHNU SAKHALSK 

ZAYNISHCHE 


30.36 
1B.3B 
18.12 

37.77 
-70.30 
-70.30 
-77.85 

33.58 
57.06- 

67.37 
-89.99 

67.59 
60.12 

66.78 
-69.01 
-17.57- 
-17.57- 

22.79 
-18.92 

- 1.20 

35.76 

28.68 

19.75 

19.75 
77.68 
66.90 

71.58 

71.58 
50.67 

-37.53 

-63.25 

8.68 

8.68 

-19.22 

32.25- 

66.16- 

69.66 

67.85 

51.93 

37.95 
-22.60 

68.52- 

-78.65 

59.95 
56.73 
56.73 

-66.25 

53.76 

62.02 
61.33 

66.95 

66.95 
55.83 


77.80 

- 66.12 

-66.15 

-25.65 

-2.37 

-2.37 

166.78 

135.96 

-135.33 

26.63 

-13.32 

-52.68 

151.02 

30.88 

39.59 

-169.58 

-169.58 

5.53 

67.50 

-68.51 

51.38 

-16.28 

-99.18 

-99.18 

-69.17 

17.89 

129.00 

129.00 

86.93 

165.67 

-65.32 

76.95 

76.95 

17.70 
110.83 

169.86 

18.95 

107.05 
-10.25 

58.11 

-63.65 

123.62 

106.87 

30.70 

61.07 

61.07 

110.58 

9.07 

129.72 
69.62 

162.72 

162.72 

68.85 


0.68 
0.10 
0.60 
0.18 
0.05 
0.05 
0.0 • 
0 .06 
0.02 
0.18 
2.80- 
0.0 
0.0 
0.16 
0.0 
0.0 
0.0 
1.38 
1.38 
0.0 
1.36 
0.31 
2.28 
2.28 
0.06 
0.19 
0.06 
0.06 
0.11 
0.66 
0.03 
0.30 
0.30 
0.0 
0.77 
0.01 
0.12 
0.0 
0.01 
0.57 
0.50 
0.18 
3.50 
0.07 
0.29 
0.29 
0.01 
0.05 
0.10 
0.81 
0.07 
0.07 
0.08 


-15.2 

61.0 

-139.3 

686.7 

-51.6 

-90.7 

-2276.1 

- 66.6 

- 11.6 

-166.6 

-1362.7- 

9.0 

-289.9 

-123.1 

-26.3 

-633.1- 

-675.8 

126.6 

371.9 

31.6 

-116.1 

-670.6 

-126.0 

-67.0 

-55.9 

-16.6 

- 112.2 

- 86.1 

-21.7 

-68.9 

170.9 

215.3 

255.0 

-5.9 

- 116.1 

-106.6 

55.5 
-69.2 

118.3 

171.5 

66.5 
-17.6 
-17.9 

66.8 

-291.6 

-297.5 

619.2 

66.6 

60.5- 

-301.6 

36.0 

-86.3 

-296.5 


-27.8 

33.5 
182.0 
621.2 
-19.1 
-72.7 

-936.6 

29.6 
-16.5 

-106.3 

>3669.6 

26.5 
-762.5 
-698.5 

-82.9 

‘1078.3 

-691.5 

-208.8 

0.2 

-177.5 

13.9 

87.5 

3.0 
38.1 

106.9 

-16.6 

-159.0 

-166.1 

-66.5 

- 22.6 

5.0 

99.0 
195.2 
-60.0 
-67.1 

25.1 
- 602.0 

-17.3 
-56. 1 

93.6 
-126.5 

- 6.6 

129.6 

23.2 
-123.5 
- 112.0 
-296.5 

66 . 1 
1186.3 
61.0 
-165.6 
-68. 7 
-315. 7 


DOWN 

63.0 

220.6 

213.6 

1711.6 

28.6 
-5.8 
-3 766.9 

20.9 
-82.9 
-578.9 
79.8 
- 2.1 

52.5 

68.1 

-16.7 

297.7 
-209.7 

-78.8 

-667.3 

89.7 
-192.2 

>1051.2 

-11.9 

-98.7 

13.3 

-27.7 

-136.0 

- 86.0 

-239.8 

62.6 

25.8 

79.5 

73.0 

63.0 
167.1 

-117.6 

197.6 
-95.2 

25.6 

58.8 
-71.9 

-328.2 

111.0 

- 261.6 

-521.6 

-632.8 

29.6 
-56.7 

113.7 
-96.3 

-151.3 

116.8 

- 260.2 


1966.5 

1960.5 

1965.5 

1960.5 

1962.7 

1971.7 

1960.8 

1960.5 

1960.5 

1960.5 

1960.5 

1968.8 

1966.5 

1960.5 

1960.6 
1966.2 

1973.5 

1960.5 

1960.5 

1960.5 

1960.5 

1960.5 

1960.5 

1971.5 

1960.5 

1960.5 

1960.5 

1970.5 

1960.5 

1960.5 

1960.5 

1960.5 

1965.5 

1969.8 

1960.5 

1960.5 

1960.5 

1966.5 

1960.5 

1960.5 

1960.5 

1960.5 

1960.5 

1960.5 

1960.5 

1967.5 

1960.5 

1960.5 

1960.5 

1969.5 

1960.5 

1970.5 

1960.0 
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TABLE 2B-3 


DATE TYPE 

STATISTIC 

A 

B 

Magsat ; 





rms 

88.1 

246.0 

Scalar 

mean 

-37.5 

41.9 


std. Dev. 

79.6 

242.4 


rms 

72.9 

322.9 

X'-component 

mean 

-40.2 

-7.5 


std. Dev. 

60 . 8 

322.8 


rms 

56.6 

444.3 

Y -component 

mean 

0.6 

-3.2 


std. Dev. 

56 . 6 

444.3 


rms 

96 . 1 

598.9 

Z -component 

mean 

-10 . 2 

8.9 


std. Dev. 

95.5 

598.8 
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c. MA^NETI^ ANOMALY REPRESENTATION AND T^JTPRPRP>^A^>Tr^M 


by 


R.A. Lange 1 


OBJECTIVE 


Fields from crustal anomalies are of small magnitude relativ*^ i-n 

SbjScti^e^oftlU: "’-y -gnetospheJic neldL" 

ine ODjective of this effort is to carefully separate the fielH^ 
from these three sources in order to isolate thrcrustal f 
and to represent them in a manner suitable for analysis bv aeo- 
the^crist? structure, composition and evolution of 

BACKGROUND 

To-ToTt) ??ri‘f iS "" satellite altitude represent a small 

field in the presence of larger core (30 000-50 non nT^ 

PEa EE? 

for tho oquatorLi e?e«ro“"":;e'aL“'.:L!rof“o^qe"wav^^^^^^ 
easiirseparlted''brf''^i^ anomaly fields and are not 

cse results have now been published by Langel et al. (1980) 

bo^wPP„^:55s^ru-!"^vla^r^ppo^t^ o,>“;'::dno di'“r 
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The application of these techniques to Australia, mentioned in last 
years report, has now been published (Mayhew et al., 1980). 

RECENT ACCOMPLISHMENTS 


Equivalent Source Representation 


The equivalent source map from POGO data has now been extended to 
all latitudes. A global map is presented in Figure 2C-1. These 
contour plots are free from the effects of altitude variations 
from location to location and have most of the noise filtered out. 
There is, however, an obvious mismatch of the high and low lati- 
tude portions at +50^ and at -SQO latitude. This is because there 
is an ambiguity in zero level in both data sets which cannot be 
resolved. , 

Regional Studies 

The effort to model Greenland reported on last year has resulted 
in the first draft of a paper. This work is cooperative with 
Dr. Leif Thorning of the Geological Survey of Greenland. 

Mags at Results 

Sufficient scalar data is now available from Magsat to begin the 
isolation of magnetic anomalies. As shown in Figures 2C-2 and 2C-3 
the early Magsat data verifies the previous POGO results. On these 
figures the underlying anomaly map is derived from POGO data, 
the dark line is the sub-satellite track for one orbit of Magsat, 
and the plot at the top of the figure is the anomalous field from 
Magsat determined by subtracting a thirteenth degree and order 
model (MGST(3/80)) from the Magsat scalar data. The corresponding 
anomalies are numbered for ease of identification. The two data 
sets are in close agreement. 

Utilizing the techniques developed over the past few years with 
POGO data, we then derived the scalar magnetic anomaly map shown 
in Figure 2C-4. v;ith only a few exceptions, this map confirms the 
existence of the major anomalies already known from the POGO data. 
This is important in view of the fact that the anomaly field is 
small compared to core and external fields. The detection of 
near identical anomalies in two independent data sources is a 
strong indicator of their reality. 

Comparison of Figure 2C-4 with the comparable POGO map shows more 
than agreement, however. The Magsat map shows significantly better 
resolution. For example, the positive anomaly over the Michigan 
Basin is now clearly soon and the trend connecting it with the high 
over Oklahoma shows that the contours of trend on the POGO map were 
in error. 
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The data uaed to ae««5ed‘s?eldUy,^fut«e Japs 

^^tririU- aftrrrLSower altltude^^This_is^^eKpec 
stantially improve the ^^litude decreases. The anomaly map 

of how resolution increase 1 ; rig shows a common track location 
is from POGO data. The solid fields from the two 

for OGO-4 and Magsat. The OGO-4 altitude was 414-4 20 

spacecraft are shown on the re-entry, 

km whereas the Magsat the plots show clearly the 

are at 187-191 km. Examination ot P 

existence of anomalous fields in tne g 

hinted at in the POGO data. 

Magsat has also acquired f o?^s^alL°LS^and no 

considerably more time Figur^ 2C-6 shows one full orbit 

anomaly maps have been to a thirteenth degree and 

of data. The plots are 1 °^ clearly present in the 

order field model. Anoma components, external 

scalar data at the top. In the X and^ fluctuating residuals near 
fields are present as indicat y clearly present in the 

the poles. TWO ' ^°f®the ' plot at about S-IO^ north lati- 

vector data. In the center of the ^ d 

tude is a low in or Central African anomaly. Cust 

Z components. This is the latitude (at 4:42:39 UT) is 

to the north of at corresponding lows evident in the 

another low anomaly is over northern Scandanavia. 

X and Z component, mis anuma > 

1 o foaftires will be detectable in the 
Thus it is clear that anomalous features w 

vector data. 

FUTURE EMPHASIS 

.s noted, the joining of the hi,h and low Ih^itude^data^sets .n 

“fe^^t^rL^Sv-e^laprinra^atr^rt^to seL to e-oothlv iotn all 
parts of the map. 

The zero level of the resulting m^s?''°v!Srk is needed 

biases are known to exist severity of this problem and to 

“nillttrrtf l“rct‘’rirt^lpr/tat!on of^ho .aps. 

The above problem areas ^i^r^data will be utilized to 

addition, the ft.maindcr of the jcalar^d^ regions, and we 

make a final map, as i es to the utilization of 

^iiiofraraSrrrri^rtiro? inoma.v maps. 
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data and derivation of averaged maps. 
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Anomaly Map Reduced to 500 km Altitude 
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D . PR L LIM IN ARY MODELING OF MAGSrtT ANOMALY D AT A 

by 


P.T. Taylor 


OBJECTIVES 

As part of the Magsat data analysis program an effort is being 
made to ascertain the amount and nature of geological informa- 
tion encoded in these low-level magnetic component data. After 
the initial Magsat profiles became available it was decided to 
initiate a preliminary model study over a well documented 
geo 1 og i ca 1 /geophy si ca 1 feature. 

BACKGROUND 

Both aircraft and satellites have recorded the presence of a 
large negative magnetic anomaly located in vest -central Afric 
(Figure 2D-1); geographically this feature covers part of the 
Central African Republic and Republic of the Congo. This anomaly 
has been named dor the large city situated near its center, 

Bangui . 

Previous studies of this m.aqnetic anomaly have been carried out 
(Regan and Marsh, 1980) usinq the POGO series of satellites. 

Magsat also recorded the Banoui anomaly during its lifetime in 
orbit. In order to understand more fully the nature of this 
magnetic field anomaly measured by Magsat, ve constructed a 
relatively simple computer niodel to represent this feature. The 
anomaly model iirouram SPHERE (von Erese et al. , 1980) was used in 

this effort. The model parameters were selected by usinq the 
Geoloqical Map of the Central African Republic as a quide 
(Mestrand, 1964; Fiqure 2D-1). 

The model anomaly profiles were computed at an elevation of 
4 50 km, regional field was 3 3,000 nT, inclination was -10*^ (up) 
and declination was 8^ (west) and a magnetization of 0.01 egsu 
was used; the magnetic field anomaly parameters were computed 
by removing the roG02'72, within SPHFHE, from the total field 
data. The dimensions of the anomialous body v\ere taken as 1000 km, 
777 km and 29.5 km thick at a depth of 0.5 km. The body was tilted 
or skewed some 26'-'* counter clockwise off an east-west axis with the 
southwest corner acting as a pivot point. The program SPHERE 
calculates a t wo-d inens iona 1 anomalous magnetic field for the 
following: total field ( B; Figure 2D-2; north-south component ( .\) 

oast-west convponent ( V) and vertical component ( Z). From these 
contoured mod.ol anom.aly data (Figure 20-2) ,'rofilos wore extracted 
anti comg.iarod with, the sam.e four com’,'ononts observed d.urini: a 
f'.aesat orbit (Fie,uro 2D-3) . These observed tiata wore adjusted to 
a main field datum which produced the best agreement between 
model and profiles. A small chance in magnetization of tlie 
body would produce the same effect. In any case, the magnetic 


anomaly-matching procedures are relative, lacking an absolute 
datum. The main purpose or goal in anomaly-model field matching 
techniques is to duplicate the shape of the anomaly, the anomaly 
levels can be adjusted by varying magnetization or field. 

RESULTS 

With the exception of the east-west (AY) component (Figure 20-3) 
the match between the model and observations is quite good. The 
contour map of the anomalous east-west magnetic component (AY) 
indicates the smallest anomalous field variations. The maximum 
absolute anomaly amplitude variation for AY is 20 nT as compared 
to: AX, 32; AZ, 32; and AB, 27 nT. This surprisingly close 

agreement could indicate several important geological implica- 
tions. The main source for this magnetic anomaly is due to 
induced magnetization and not remanence. If our value of 
magnetization is correct, then the caustive body could have as 
much as 5% magnetite (Lindsley et al. , 1966) . Since the AY is 
the smallest variable field component, small deviations from 
the model would tend to be amplified. Alternatively, there may 
be an east-west component of remanence superimposed and nearly 
opposite in direction with the inducing field. 

FUTURE EMPHASIS 

In view of the promising results from our initial efforts to model 
the Bangui anomaly it is likely that other geological structures 
will be amenable to mathematical representation. At present, an 
effort is underway to model Magsat data over the Arctic Basin. 

The primary aspect of this study will be the evaluation of tne 
Magsat data with regard to potential economic resource. 
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Geological Map of the Central African Republic (Mestrand, 

1964) with two project MAGNET aeromaqnetic profiles 
superimposed 





Skewed Prism Model of the Bangui Anomaly for the Total 
Field Component ( B) Computed at 450 km Altitude- Orbit 
of Magsat Profile is Superimposed on the Field Anomaly- 






AZ MODEL ' 
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FiMuro 2P-3: Plots of M<igsat Profile Data (Solid Line) 

and Profiles from Model Anomalies (Dashed) 
Amplitude Scale is Relative but Latitude 
Scale is Constant. 



CHAPTER 3 


i 


CRUSTAL STUDIES 
edited by 
H.H. Thomas 


OVERVIEW 

Crustal studies using satellite geopotential field data are an aid 
to understanding subsurface geology and tectonics. Techniques, 
once established for satellite data, will constrain models of the 
evolution and state of the earth's lithosphere as well as provide 
compositional data necessary for resource studies. 

Geophysical models are generally compromises among several data 
inputs; the solutions are normally non-unique, so the greater the 
number of constraints the better the model. It is not, however, 
feasible to sample the earth's crust in a very fine grid; generali- 
zations on the earth's composition and structure are necessary to 
study the earth's problems in an expeditious and economic manner. 

Comparative planetology approaches have long been the basis for 
speculations on the earth's interior and evolution. We are 
esp''Gcially interested in the earth's differentiation and rediffer- 
entiations because: 

a. Differentiation of th< earth produced the crust, that part 
of the solid earth that is most accessible to us. 

b. The crust is generally thought to contain most of the 
earth's mineral resources. 

c. Much of our satellite geopotential anomaly data is compatible 
with sources in the crust. 

Catalogs of terrestrial and extraterrestrial land forms and struc- 
tures will eventually give data sets where the effects of varying 
planetary size, thermal activity and atmospheric compositions on 
tectonic processes can be determined. Comparisons between terres- 
trial and martian pseudocraters are examples of data which give 
information on volatiles and volcanics of terrestrial planets. 
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The science of interpretation of satellite potential field data is 
still very young. Basic information is required on the stability 
of geopotential anomalies through time and geologic activity. We 
must ask ourselves to what extent are geopotential anomalies 
created/destroyed/preserved during major periods of plate tectonic 
activity. 

Crustal thickness (depth to Moho) data are necessary for the inter- 
pretation and correlation of magnetization with thickness of the 
upper and lower crust. Although gravity anomalies are not restricted 
to the crust, crustal thickness is one of the first parameters to 
be considered in their modeling. Good correlation between crustal 
thickness and apparent magnetization contrast is found for the 
United States. 

Comprehensive geophysical modeling of a large satellite magnetic 
anomaly in Kentucky continues with the analysis of a new Tennessee 
Valley Authority aeromagnetic survey. Denser flight lines in the 
survey allow the construction of a three-dimensional geophysical 
mode 1 . 
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A. COMPARATIVE PLANETOLOGY/CRUSTAL REDIFFERENTIATION 


by 

Paul D. Lowman, Jr. 


OBJECTIVE 

To investigate the chemical redif ferentiation of the primordial 
crust of the Earth. 

BACKGROUND 

Granite or granite gneisses dominate the terrestrial crust in most 
Precambrian shield areas, to the point that continents are fre- 
quently characterized as "granite" in contrast to the basalt of 
oceanic crust. On the other hand, granite (chemically speaking) 
is very scarce on the Moon, even if we include the KREEP composi- 
tion breccias, and apparently equally scarce on Mars. It has been 
proposed (Lowman, 1976, 1977, 1978) that a major reason for the 
abundance of granites on Earth is that they result primarily from 
"redif ferentiation" of an originally intermediate composition 
crust with bulk composition equivalent to andesive (Figures 3A-1, 

3A-2). Redifferentiation is probably a composite process, including 
partial melting, metasomatism, and high-grade metamorphism, whose 
ultimate result on the Earth has been production of a vertically- 
zoned crust consisting of granitic rocks in the upper levels and 
granulites (high-grade metamorphic rocks depleted in water and 
lithophile elements) in lower lev'els. Redifferentiation has 
happened repeatedly in the Earth's continental crust because of 
the high level of tectonic and igneous activity accompanying the 
planet's continuing crustal evolution. The Moon, however, 
essentially stopped evolving about 3 billion years ago with the 
eruption of the last mare basalts. Mars evolved somewhat further, 
but did not reach the stage of full plate tectonic activitv’ 
involving repeated heating and reworking of the crust. The 
scarcity of granites on the Moon and Mars is thus the result of 
their arrested crustal development. 

Redifferentiation of the Earth's crust is relevant to GSFC programs 
for sev’eral reasons. One is that it has permitted construct ion of 
a generalized crustal model with implications for the interpreta- 
tion of satellite magnetic data, since such interpretat ion involves 
assumptions about the lower continental crust. Another is that 
redifferentiation may be expressed as radiometric age provinces, 
such as the Grenville province, which could in principle affect 


4 - 4 -ofns since both radiometric ages 

.ateUlte .a,netl=^ano.aly 

and magnetic p events responsible the distri" 

Hirei°a? tful .e consiaapea 

rnlranfinroriitlx-SroPPce surveys. 


■ a in RTOP 677-45-01, it was P"f -noluai^s^rthlstrol 
refiriStsntiation tL^rort?ieSfl°«uI f rc. i-estipations 
tf=H Ts "-"OCOBP seismic reflection retlporpjis^^ana^anatexis , 

i:rife!a°stua!es “‘^“‘i^ealSrrfpnSsriom^^ 

^e felirarrranu?f£-e^ «rLae““r?LTcor e-larfora Bria.e 

^^ra"cU=:t?ara!TurrarloUcwrnpresults. 


rrea of Scotlana, «itn ruv „„,thwest of 

TUe area ^nvesti.atea was paf^ of^tUe .rcnja ,^,n.,eajut low- 
Sfnr-a/Srjrcnean rocK 
ra^^u^e f 

frosrrt^ucti’re ana litholopy. the .ap: the Scourian 

krierrnrtre\r.fo-a!i; ^ 


l!l?-iH 2 }i£iai_? 25 !Eiai strihinqly differ- 

-f 1r“o^ fhosnriosf freS- fq-n^ioa ana .eta.rphic terrarns 
tr several characteristics. 


veral characre. . = • „,ntes or qranite- 

. ra rrranites, qtanite pegmatites, 

1. There are almost no granite 

bearing migmatites 


,ng migmatire^,. scarcity of 

f„w schists, reflecting a general scarcity 
2. There are fo" j,l„tite) . 

platy minerals (in p 
^ 


r minerals:* v r ^ 

. ._ relatively undeformed, with few fau 

The rock is reiarivc > 

T“tn 


The rock is reiat-a-vw.*, ^iwara- 

There is Uttle if any pineraUsation or hydrothermal 

tion. 


n'.l iA'AIjIi t 


A 


3-4 


The Scourian complex in this area was found to consist of about 
1000 meters of granulitic gneisses (probably much more, since 
seismic data show the Moho to be at a depth of 26 km). In detail, 
the section is made up of interlayered felsic and mafic layers, 
with felsic rocks about 80% by volume of the total. Major minerals 
of the felsic rocks are plagioclase, quartz, and pyroxene or 
amphibole (chiefly pyroxene) . The mafic members, generally layers 
or lenses, include pyroxene, amphibole, and feldspar. Structurally, 
the Scourian granulites at the type locality are relatively simple, 
dipping more or less uniformly to the northwest at shallow angles 
generally less than 35t>. Occasional small isoclinal folds, 
locally referred to as "intrafolial" folds, occur, but the amount 
of deformation visible in the area covered (essentially a 5 kilometer 
traverse across strike) is surprisingly slight. It should be 
mentioned that published literature on the area, such as the papers 
by Watson (1965), Bowes (1969), and others, make it clear that the 
lithologic and structural characteristics described above are 
reasonably typical of the Scourian granulites all along the Scottish 
coast. 

Th e Laxf ordian Complex 

The Laxfordian rocks, just northeast of the Scourian complex (Figure 
3A-4) , contrast with the Scourian in every way. First, they are 
much more strongly deformed, as indicated by the steeper dips (90° 
in some places) . Secondly, they are lithologically very different 
(Figure 3A-8), consisting of amphibolites, granitic gneisses, bio- 
tite schists, migmatites, and discrete granite intrusions 
(locally known as the "Laxford granite sheets") . In brief, they 
are typical of many Precambrian amphibolite facies assemblages. 

There is general agreement on the relationships between the Scourian 
and Laxfordian complexes. The Scourian rocks are granulite facies 
gneisses, characterized by extremely low water and lithophile 
element (K, Rb, Na) contents, resulting from the high temperature 
and pressure of the metamorphism. The Laxfordian rocks, which are 
lithologically and structurally gradational with the Scourian com- 
plex, are widely believed to have been formed by retroarade meta- 
morphism of the Scourian granulites. This retrograde metamorphism, 
probably accompany;..ig the intrusion of the Laxford granite sheets 
and many minor granite and granite pegmatite bodies, re-introduced 
the water and lithophile elements driven out in the granulite facies 
metamorphism. These events occurred at roughly 2.9 billion years 
and 1.7 to 2.2 billion years ago, according to radiometric studies. 
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that continental crust had two major layers, an upper granitic 
one and a lower gabbroic or amphibolitic one. The new model 
consists instead of a thick sequence of originally supracrustal 
metamorphic rocks of intermediate SiO;? content, except for the 
very base of the crust where the abundance of mafic rocks increases 
considerably. Its vertically-zoned composition is largely the 
result of redifferentiation, which has depleted the lower crust in 
water and lithophile elements during the generation of granite 
magmas and diapiric intrusions that intruded the upper crust. 

SIGNIFICANCE 

The Archean rocks of the Scourie-Laxford Bridge area were clearly 
once part of the lower continental crust, now uplifted and exposed. 
These rocks have been shown to resemble, in structure, composition, 
and pre-metamorphic orgin, models of the lower continental crust 
derived independently from comparative planetology and reflection 
seismology, thus giving strong support to such models. Scientif- 
ically, part of the significance of this finding is that these 
crustal models appear to contradict formation of continental crust 
by lateral accretion of eugeosynclines . Such an origin would 
result in highly deformed rocks intruded by granitic batholiths, 
quite different from the Scourie complex. Geophysically, results 
of this study imply that models for the lower crust involve dry, 
intermediate composition rocks of granulite facies, rather than 
the amphibolites or gabbros formerly popular. 

FUTURE EMPHASIS 

The data from Scourie are still under study; future investigations 
should include petrographic analysis and measurement of various 
geophysical parameters. Further field studies should be made of 
granulites in North America to see if they resemble those of 
Scotland. Alternate funding must be sought, since a proposal to 
carry out investigations of this sort was rejected by NASA 
Headquarters . 
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3* CO MPARATIVE PLANETOLOGY; EARTH-LIKE VOLCANIC 
STRUCTURES ON MARS 


by 

H. Frey 


OBJECTIVES 

The objectives of this work are to map the global distribution 
of martian pseudocraters and examine variations in their properties 
compared with known Icelandic analogs. properties 

BACKGROUND 

We previously reported the discovery of martian analogs of 
Icelandic pseudocraters (Frey et al., 1979). Found first in the 

the northern plains of Mars, these small mound- 
like structures average under 1 km in diameter. They are extremely 
n^erous in Cydonia, with over 900 having been countL [n thf 

^iscovery mosaic. Most have subdued central pits at their 
summits; these pits typically have diameters of half the basal 

tne mound. Their morphologic characteristics as well 
as their distribution and number led us to conclude that these 

were similar to Icelandic pseudocraters, formed where lava 
flows come into contact with wet or marshy ground. A steam explo- 
sion cools and lifts the lava, producing the characteristic mound- 

^ it is more ^eLonaEle 

to invoke ice as the volatile material. Therefore the distribution 

(lava^Jndf^?^^^^^ an important clue to the distribution of 

(lava and) ice at or near the martian surface at the time the 
pseudocraters formed. ® t"® 

RECENT ACCOMPLISHMENTS 

studies by Rocha and Frey (unpublished) demonstrate 
that ice IS a suitable medium for producing the necessary steam 

formation of martian pseudocraters The 
required to volatize Ice is stti! mich 
less than the thermal energy available from a typical lava flow 

even at 750 C. Furthermore, the calculations suggest that in 

larger pseudocraters will result from thicker lava flows, 

Finfl-^^^'ro® '^^^*^.°i'servations in the Lake Myvatn region of Iceland. 

IS also a suitable volatile because its lower 

greater pressure is available at a given 

from easier to form these structures 

from CO 2 ice t. ' from water ice. 
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Our Bailing of the distribution of pseudocraters on Mars has con- 
centrated in the northern plains and near the volcanic units around 
^e large Bellas u^»act structure. We have examined every available 
image with sufficient resolution to show structures less than 0.5 km 
across (range from spacecraft % 2500 km) , some 4000 images to date. 

We have found the pseudocraters in the Cydonia region to be much 
more numerous than previously thought, and distributed over a 
variety of terrain types. Dense fields some 300 km east of the 
original discovery area have pseudocraters without central pits as 
%rell as those with this characteristic feature. While most Icelandic 
pseudocraters near the type locality of Lake Myvatn do have central 
pits, those located elsewhere in Iceland often do not. A very 
extensive field of martian pseudocraters, both with and without pits, 
was found in volcanic terrain near Bellas. Other regions in which 
these structures have been located include southwest Elysium and 
Arcadia. 

Properties vary among the recognized fields. For example, in 
Cydcmia the average pseudocrater diameter we measured was 800 m. 

The Hellas pseudocraters , seen at similar resolution, cluster around 
600 Ji diameter. The density of the Hellas structures is also 
ger.erally higher than that found in Cydonia. 

I'UTURE Ef4PHASIS 

We are examining the stratigraphic relations between pseudocraters 
and the various terrains on which they have been located, in order 
to develop a better understanding of their origin. We are also 
cataloging the variations in observed properties of these features. 

We expect to publish maps displaying these data and to continue our 
of the more recent Viking Orbiter imagery now available. 

REFERENCES 
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80279, 1979. 
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CONTINENTAL RECONSTRUCTIONS 
by 


H. Frey, R.A. Langel, G.D. Mead 


OBJECTIVE 

The objective of this work is to investigate the nature and 
distribution of satellite-derived magnetic and gravity anomalies 
for past reconstructions of the continents in order to study the 
permanence of crustal geopotential anomalies since the breakup 
of Pangaea. 

BACKGROUND 

Previous study of POGO magnetic anomaly data has revealed numerous 
anomalies over continental regions, whose origin is most likely in 
the lithosphere. We and others recognize some continuity of 
anomalies across the now-rifted continental margins of South 
America and Africa (Frey, 1979; Frey et al., 1979). Likewise, 

Langel (1979) noted continuity of a large positive magnetic 
anomaly across the Australian-Antarctica rifted margin. To inves- 
tigate the reality of these features and their relation to litho- 
spheric structures dating from before the breakup of Pangaea, we 
undertook development of software on the AOIPS Image 100 interactive 
computer that would allow reconstruction of the continents and dis- 
play of geopotential and geological data for arbitrary continental 
positions. 

RECENT ACCOMPLISHMENTS 

We have developed the capability of plotting continental outlines 
from latitude-longitude data sets of arbitrary scale, and have 
written the necessary software to move these continents to arbi- 
trary positions popular in the literature for both Gondwanaland 
and Laurasia. On these repositioned continents we have plotted the 
contoured values of 2 x 2° gridded magnetic anomalies (from POGO 
data) and gravity data (from GEM lOB, degree and order coefficients 
13-30) . Examples of each of these for Gondwanaland only are shown 
in Figures 3C-1 and 3C-2. Similar plots exist for Laurasia. 


1 

\ 





In general there is much better agreement or continuity of anomalies 
across now— rifted margins for the magnetic data than for the gravity 
data (compare Figures 1 and 2) . This has a reasonable explanation 
in that the source of the gravity anomalies, unlike the source of 
the magnetic anomalies, is not necessarily restricted to the crust 
or even the lithosphere. Mantle contributions to the observed 
gravity signatures are to be expected at the degree and order used 
here. Such mantle sources should be present-day inhomogeneities, 
not structures persisting for 180 million years. 

By contrast most magnetic anomalies in the POGO data set used here 
probably are crustal in origin, and may be related to structures 
that have persisted since Pangaea. Although these anomalies have 
not been reduced tc the pole, there is a striking degree of contin- 
uity or match-up of anomalies in these reconstructions . The strong 
Bangui negative anomaly in equatorial Africa and the positive 
anomaly to the south both have their counterparts in South America. 
Much farther south, twin negative anomalies trend in the same 
direction in South Africa and South America. The weak positive 
at the tip of South America may be related to the positive located 
over the Mozambique Ridge. Likewise a strong belt of contiguous 
positive anomalies runs through eastern India, Antarctica and 
southern Australia. 

Similar matchups occur in the magnetic anomalies associated with the 
northern continents. Especially striking are the large positives 
in West Africa and the central United States, and a belt of strong 
negatives running from Scandanavia through Greenland and into 
Baffin Island. A similar band of positive anomalies runs north of 
these negatives, linking northern Scandanavia, Greenland and Canada 
in their reconstructed positions. 

These results suggest that many of the large magnetic anomalies 
observed in the POGO data are related to crustal structures that 
data from before the breakup of Pangaea. 

FUTURE EMPHASIS 

To refine these observations we will, in the future, digitize and 
incorporate into the interactive system continental shelf outlines 
for more precise positioning of the continents. We are working on 
producing a set of POGO data reduced to the pole in order to more 
accurately locate the anomalies. Study is underway to develop a 
gravity anomaly field that better reflects crust and lithospheric 
structure than does the present model. We will incorporate GEM IOC 
into this effort, and also plan to update the magnetic anomaly data 
file with newly acquired Magsat data. 


references 


f H. , ^'Global Geophysics anr? rc^r\ir^ 

Derived Gravity and Maanei-ir- Correlations of Satellite- 

Implica. ions^fSr^Plate T^c^onicf ' " “a9"®tic Anomalies: 

ana Abst.aots from 





in 

<D c 

(U 

u tr 
a> M 

I 

o a> 

to >'w 

+>H-H 
C4Jo: 
(Ufd 
*H trw 
uo) to 
'H2 0 
44 >4 

44»T3 O 
Q)C< 
0«J 
U >1 
to 4J 
g OJ-H 
o*H :3 
J4.H c 
[u m-H 
e-p 
to o c 
0 )C o 
•H<u 

r4 

CO 

g+ to 
Q) 

C • 

< <U to 

>x; 0) 

>lH CJ-H 
-P4J I3.-4 
•H*H S3 to 
>co e 
4 dO ( 1 ) O 
ucu > c 

0 ft 3 <t: 

K 

P • u 

•HO C'H 

<ro U 4 J 

1 1 O 0) 
(i)<^x: c 
<D«H tn 

H fC 
PuiM cos: 
(U a; 

CQT3-H o 

O M «HQ 

•HO fd 
I g c 
ST3 O <X3 

wc cx: 

Ota <H 


CN 

I 

u 

m 

<U 

D 

cn 

•H 

Cl, 





D. CRUSTAL MODELING - YEARLY REPORT 


UNITED STATES CRUSTAL STRUCTURE 


by 

R. J. ALlenby 


OBJECTIVES 

The objective of this effort is to develop maps of crustal thick- 
ness and top of mantle velocity (P^) for the conterminous United 
States and then investigate the relationships of anomalous map 
areas with long wavelength magnetic and gravity anomalies 
detected from satellites. 

BACKGROUND , 

The success of interpreting satellite geophysical data, particu- 
larly magnetic, is in part dependent on the accuracy of the 
crustal thickness model used. Near surface magnetic anomalies 
are a function of crustal composition and thickness. Across 
regions of similar rock magnetic properties, thicker crust will 
exhibit higher magnetic values. This will be true down to the 
Curie isotherm or, as proposed by Wasilewski et al. (1979), the 
top of the Upper Mantle (the seismic Moho discontinuity) , below 
which boundaries rocks lose their magnetic properites. Gravity 
anomalies, on the other hand, are not constrained by any depth 
barriers. 

RECENT ACCOMPLISHMENTS 

A survey was completed of all available seismic refraction lines 
in the conterminous United States and neighboring Canada and 
Mexico that penetrate the Mohorovicic (Moho) discontinuity 
separating the base of the crust and the top of the upper 
mantle (Allenby, 1980). Refraction profiles were indexed to 
their literature data sources (74 in all, including multiple 
analysis on some lines) . The final report contains maps of 
crustal thickness and top-of-mant le velocity. A prcliminarv' 
comparison of crustal thickness and POGO satellite equivalent 
bulk magnefization anomalies (Langel, 1979) suggests good 
agreement between western U.S. negative magnetic anomalies and 
anomalously t)iin crust in areas like the Columbia - Snake River 
Plateau and the Basin and Range Province (this correlation is 
undoubtedly enhanced by the decreased depth of the Curie 
isotherm caused by increased heat flow resulting from the shallow- 
ness of the upper mantle). Other areas show little correlation, 
for example, the large Kentucky magnetic anomaly aopears to be 
underlain by a crust of nearly uniform thickness. 


FUTURE EMPHASIS 


Continued work on understanding U.S. crustal structure and com- 
position is planned using all available geophysical data. 

REFERENCES AND PUBLICATIONS 
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Wasilewsl'.i, P. J., Thomas, H. H. and Mayhew, M. A., The Moho as 
a Magnetic Boundary, Geophys. Res. Ltrs ., 6, 541-544, 1979 
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THE KENTUCKY ANOtlALY, CONTINUED 




by 


H.H. Thomas, M.A. Mayhew, P.J. Wasilewski 


OBJECTIVE 

The objective of studying the Kentucky satellite magnetic anomaly 
is to develop as comprehensive a magnetic, geophysical and geologic 
model of the region as is possible in order to provide a basis for 
understanding the sources of satellite anomalies along with their 
associated mineralogy and tectonics. 

BACKGROUND 


We reported (Mayhew et al . , ESAD Research Reoort , 1980) tbo 
completion of a first stop in the geophysical analysis of the 
Kentucky Anomaly. In summary, a 2-dimensional geophysical model 
suctgests that an intrusion of mantle mafic material during a 
['’recambr i an rifting event is responsible for the satellite magnetic 
anomaly . 

RECENT ACCCMi’LI SHiMENTS 


Recently released aeronaonetic maps from a Tennessee Valley 
Autliority survey show a clearly outlined anomalous area approxi- 
mately 100 km to the west of the modeled central Kentucky anomaly 
aiui a smaller, less intense area to the east of the modeled anomaly; 
somewhat better resolution was attained by the TV'A survey over 
existing surveys due to a higher density of flight lines. 


A 3-dimcns iona 1 model of the central Kentucky anomaly, usir.g existing 
geophysical and the new aeromagnetic data, is very similar to the 
2-dimensional model previously reported. The modeled body, although 
providing an excellent match to the local gravity and aeromagnetics , 
accounts for only 20% of the magnetism at satellite altitudes; 
upward continuation of all of the regional aeromagnetic anoamlies 
does, however, provide a good fit to ttie TOGO and Magsat anomalies 


Compretiens i ve modeling of all of the regional aeromagnetic anomalies 
would be a normal next step, but a lack of soism.ic data inliibits 
such modeling for the •t>resent. A recjuest lias been made for a COCOHP 
studs of the region; the line reguired will be long and ex,jensis’e 
and probably won't be imfilenented for a couple of years. Until 
COCORP data becomes available, we will make use of data from small 
seismic surv'eys as they become av’ailable. 
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Magsat data, particularly the vector and lov; altitude data offer 
the best hope for a better understanding of the regional picture. 

FUTURE EMPHASIS 

Emphasis in the immediate future will be directed at analyzing 
drill cores from critical areas in the Kentucky-Tennessee region. 
Magnetic and mineralogic data for these cores will give information 
on origins and relationships between magnetic properties and 
regional tectonics. In the same vein, relationships will be 
established between rocks responsible for magnetic anomalies and 
the abundant sulfide ores in the region. 
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CHAPTER 4 

CRUSTAL DEFORMATION 
edited by 
S.C. Cohen 


OVERVIEW 

improving the understanding of rrl'tSfinte?-'”''" 

of^he crust and the f dStSrmaUons and 

related goals 5|jormations are Important as the surface 

JxoreSstons'of fundamental J^J^r^tte^inLrtSr'”'"' 

Vide information on stresses within context of tec- 

rheology, and subsurface "a deducing relative date 

tonic date theory they play motions, and 

motions, under standina of crustal deforma- 

assessing plate rigidity. • role in exolaining polar 

tions also plays a potentially i^del^ and' heat 

motion and in interpreting gravity -d^magnetic fi^ 

flow. On a regiona.. scale . in earthquake-prone 

information on the deformation are potentially 

Geodetic measurements o. sucn aeruiuiat i-he 

"ua^fui "or lonc-range -rthguahe forecasting.^ 

?nfSrmatioron ea?thqMke mechanisms,^po« 

^rruci"ur^!°"funSLenS?;?hir«^ 

both earthquakes and other proc 4 :>-amework for interpreting 

reo^rt!cTearure:rnSrnd”frr^^odeur?h^ 

processes . 

V, ffnr-t-a of fhe Earth Survey Apodcations Division 
fnl.udnre^rus^tirf amics troi^ 

Sfreftronfa^o'nuSer^irst ^s located witM the United States 
and worldwide. The Division's activities *1®° simu- 

o« fundamental analytic nnd computational stu ^ in 

lations, and supportive '^nolO'Jtc field studies The 

15^= ?^rcJ^sta! Vnl-- TrJrert'ard the basic research 

nroaram • 
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A. 


INTERCONTINENTAL BASELINES FROM LAGEOS 


by 

D.E. Smith 


OBJECTIVE 

objective of this study is the determination of 
motions of the major tectonic plates from an analysis of laser 
tracking of the Lageos spacecraft. The short term objective is 
the development and demonstration of techniques for the analysis 
of laser tracking data to provide intersite baselines accurate to 
a few centimeters. 

BACKGROUND 

The Lageos laser tracking data is analyzed in approximately monthly 
segments (30 to 35 days). An orbit is fitted to the tracking data 
for each of these periods beginning at launch (May 1976) and extending 
until April 1979. These 36 orbital arcs have been grouped according 
to calendar year; eight in 1976, twelve each in 1977 and 1978, and 
four in 1979. The eight orbital arcs in 1976 were then analyzed 
simultaneously in a large least squares solution for station coordi- 
nates, polar motion, corrections to Universal Time, tidal parameters, 
and other parameters associated with the spacecraft and its orbit. 

This analysis procedure was repeated for the data in 1977, 1978 and 
1979. The gravity field used in this investigation was a special 
one developed from an analysis of all the Lageos tracking data from 
launch throuc^h 1978. This field was derived by permitting the 
adjustment of a number of geopotential coefficients in the expansion 
of the earth's gravity field in a combined analysis of all the data 
for the period just mentioned. The process was iterative in that 
^•^^tially some 64 coefficients were allowed to adjust but the results 
showed that there was no justification in solving for over half these 
terms. Ultimately, a set of approximately 25 coefficients were 
adjusted and the field used in this analysis was composed of these 
25 coefficients together with those from GEM 10 out to degree and 
order 20. 

The parameters of particular interest in the individual yearly 
solutions were the tracking station coordinates and, to a lesser 
degree, the station heights. The latitude and longitudes could not 
easily be compared in the different yearly solutions because polar 
motion and Universal Time were adjusted and all the station coordi- 
nates except one longitude were adjusted. The baselines between the 
stations, however, are not affected by the adjustment of these other 
parameters. 
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RECENT ACCOMPLISHMENTS 


Inspection of the solutions for each of the yearly grouos of data 
showed only five stations appeared in all four solutions and of 
these, one station. Natal Brazil apoeared to have major problems. 
The baselines between the four other stations: Greenbelt, MD; 

San Diego, CA; Arequipa, Peru; and Orroral, Australia are shown 
in Table 4A-1. Further, an error in some of the data in 1976 
from the Arequipa and Orroral stations was identified and 
consequently the results involving these stations for that 
period are shown in Table 4A-1 in parentheses. (These data are 
nresently being corrected and the solution re-determined) . 

The four San Diego to Greenbelt baselines show consistency in 
Table 4A-1 at about the ten centimeter level. The lasers at 
these two sites are the best NASA systems with ranging accuracies 
of a few centimeters accuracy. The trend indicated in these 
baselines is probably not significant since the formal uncertainty 
in each baseline is several centimeters. Hcwev'^er, the projected 
change in this baseline is about +1.6 cm/yr based on plate 
tectonic models ^or the relative motion of the Pacific and 
North America. From the perspective of data quantity and 
reliability the next best tracking station (in this group) is 
probably Arequipa. Its accuracy is probably 10 cm in satellite 
ranoe measurements and the three reliable baseline determinations 
to Greenbelt tend to confirm its good quality. No significant 
change in this line is expected from geophv’’s ical considerations 
and the three laser results indicate good precision. The San Diego 
to Arequipa laser line does not show the same consistency as the 
two lines from Greenbelt but the variation is probably consistent 
with the standard deviations. All the lines to Orroral show larger 
spread than any the others and consequently there may be some 
data problems at this site. However, it should be remembered 
that there is never any simultaneous observation of Lageos from 
Orroral with any of the other three stations and hence the Orroral 
position has been determined almost exclusively from the orbit 
dv'namics and will be very dependent on the accuracy of the 
gravity field model. In addition, it should be noted that in 1978 
San Diego was operating during July and August only and that there 
were no data from Orroral at this time. Tn Table 4 A- 2, the 
solutions for the station heights are shown. The four values for 
Greenbelt show a spread of about 20 cm and San Diego shows a 
spread of 29 cm indicating that the height determinations are 
not as accurate as the baselines even for the best stations. 

For Arequipa and Orroral the range over three values is 24 cm 
and 34 cm, respectively. It is interesting to note, howev’er, 
that the best station, Greenbelt, has the best height consistency 
and generally gives better baselines to other stations. 
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SIGNIFICANCE 


The preliminary solutions obtained for selected baselines show 
precisions of about 5 cm between the best laser stations and 
about 10 cm in the height precision. These results are 
approaching the level of accuracy (precision) that can be 
useful geophysically. Improvements in the laser systems to the 
1 or 2 centimeter level coupled with the development of an 
improved gravity field model for Lageos (in preparation) should 
give about 2 cm in baseline length and about 5 cm in station 
height using the methods described here. It is also very 
probable that other analysis techniques designed for specific 
baselines or stations could give a further improvement over 
this general all-pourpose type solution. 
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B. CRUSTAL DYNAMICS PROJECT; OBSERVING 
PROGRAM FOR HIGHLY MOBILE SYSTEMS 


by 

H. Frey 


OBJECTIVE 

The objective of this effort is to develop a program of deployment 
of highly mobile VLBI and SLR systems for the measurement of crustal 
deformation and strain accumulation along plate boundaries and in 
regions of high seismic activity. 

BACKGROUND 

The Crustal Dynamics Project was created by NASA for the purpose of 
applying space technology to the precise measurement of geodetic 
parameters useful for determining (a) regional deformation and strain 
accumulation in the western United States, (b) contemporary plate 
motion, (c) the internal deformation of major oceanic and continental 
plates, (d) the rotational dynamics of the Earth, and (e) the motions 
and deformation occurring in regions of high earthquake activity. 

The space techniques available to the Project are Very Long Baseline 
Interferometry (VLBI) and Satellite Laser Ranging (SLR) , both of 
which are capable of providing extremely high precision baseline 
determinations, between pairs of stations. Observing systems avail- 
able to the Project consist of fixed, movable and highly mobile 
systems. Proposed observing sites for these systems number over 200, 
as described previously (Lowman et al. , 1979; Earth Survey Applications 
Division Research Report - January 1980, page 3-3). Budgetary con- 
straints limit the number of available highly mobile systems and 
their deployment; weather further constrains the observations with 
SLR facilities. 

RECENT ACCOMPLISHMENTS 

A detailed program for the deployment of highly mobile VLBI and SLR 
observing systems has been devised, taking into account (a) the 
number of such systems and their ability to move between chosen 
sites, (b) the period of time required on site to obtain the 
necessary data, (c) the availability of supporting base stations 
against which the highly mobile systems work, (d) the scientific 
priority of the science objectives of the Crustal Dynamics Project, 

(d) the probability of obtaining permission to visit foreign sites, 

(f) the expected rate of motions along various baselines, (g) the 
number of baselines needed to define that motion, (h) the recommen- 
dations and supporting programs of other cooperating government 


and non-government organizations, and (i) current guidelines for 
new systems expected to be available during the lifetime of the 
Project (1981-1986). The plan is documented as NASA/GSFC TM 82029, 
"Crustal Dynamics Project Observing Plan for Highly Mobile Systems, 
1981-1986." It describes the month-by-month deployment of highly 
mobile radio antenna and laser ranging systems. A brief outline of 
tho 1981 program is described below. 

The small 4 m highly mobile VLBI system will make four observing 
campaigns of approximately 5 sites each in 1981. Three of these 
will be in southern California, at sites designed to be the end 
points of baselines crossing the San Andreas and other faults of 
the active boundary between the North American and Pacific plates. 
This system works in concert with base stations at Owens Valley 
Radio Observatory and Goldstone. Measurements are planned from 
JPL, Pearblossom, Palos Verdes, La Jolla and Presidio, from which 
previous VLBI measurements have been made. New observing sites 
scheduled for occupation include Pinon Flats, Yuma, Monument Pk. 

(a laser base station), Santa Paula, Vandenberg AFB, Gorman, 
Anderson Peak and Pt. Reyes in the California part of the program. 
In the western United States, Flagstaff, Vernal, Boulder and 
Duckwater/Ely will be occupied to determine baselines stretching 
across the Basin and Range into the more stable interior of the 
North American plate. These locations are shown in Figures 
4B-1 and 4B-2. 

The Transportable Laser Ranging System (TLRS) will visit 8 sites 
in 1981. Four of these will be in California, including the VLBI 
base stations at Goldstone and OVRO. This "mutual occupation" of 
several sites by both kinds of systems is an important continuing 
intercomparison of the techniques scheduled to continue throughout 
the Project. The TLRS will also observe from Vandenberg and Yuma, 
then move into the western United States to occupy Bear Lake, 
Vernal, Trinidad and Flagstaff. These sites are shown, along 
with laser ranging base stations, on Figure 4B-3. 

FUTURE EMPHASIS 

In 1982 the highly mobile system program calls for reoccupation 
of these same sites but also the addtion of a number of new sites. 
These are described in detail in the above referenced document. 

In general the program expands to include TLRS sites in Baja 
California, Easter Island and the west coast of South America. 
Additional sites in California will be occupied by the mobile 
VLBI. In the 1983-1986 time frame new highly mobile systems 
become available, and in addition to reoccupation of already 
visited F'*es, campaigns in Alaska, central North America and the 
Caribbea. 'e scheduled. 
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C. GLOBAL TECTONIC ACTIVITY MAP 


by 


P.D. Lowman, Jr. 


OBJECTIVES 

The objectives of the global tectonic activity map were, first, 
to provide an objective and reasonably complete representation 
of geologic features active now or within the last million years, 
second, to provide a tectonic activity representation suitable 
for comparison with maps of identical scale and projection as 
part of the geophysical atlas reported last year, and third, to 
provide a tool for planning VLBI and laser measurements as part 
of the Crustal Dynamics Project. 

BACKGROUND 

Plate maps are ubiquitous in the geological literature of the 
last decade. However, regardless of the correctness of plate 
tectonic theory, these maps are of little use for interpretation 
of satellite geophysical data or for planning precise geodetic 
measurements. The main reason for this is simply that these maps 
are in general intended to illustrate a particular theory, and 
since the theory is now acknowledged to be an oversimplification, 
the maps are similarly oversimplified. For this reason, a 
compilation of geological features active within the last one 
million years was begun in 1977, and published in preliminary 
form in the geophysical atlas (Lowman and Frey, 1979). 

RECENT ACCOMPLISHMENTS 

The tectonic activity map was presented to a geologic hazards 
symposium at the 26th Internationa] Geologic Congress in Paris 
in July 1980, and is in press for the proceedings of that sym- 
posium. The map has been used by other writers for various pur- 
poses, with the author’s permission, and hundreds of copies have 
been sent out in answer to mail requests. It served as a base 
map for the NASA OSTA "Application of Space Technology to Crustal 
Dynamics and Earthquake Research," 1979. 

The latest up date of these tectonic activity maps are shown in 
Figures 4C-1, 4C-2 and 4C-3. 

SIGNIFICANCE 

The tectonic activity map fills a cartographic gap between con- 
ventional geologic maps and maps showing historically active 
features (volcanoes or earthquake-generating faults). Furthermore, 
it brings out a number of neglected scientific problems or 
phenomena, including the following. 
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1. The map demonstrates that contrary to orthodox theory, the 
earth's crust cannot be described in terms of "a small number of 
well-defined plates" as called for by LePichon and his colleagues 
in the standard plate tectonics text. This is more obvious in 
southern Asia north of the Himalayas, an area cut by so many 
active faults that it is impossible to define meaningful micro- 
plates. Authorities on the area, such as Molnar and Tapponnier, 
have in fact found slip-line field theory necessary to describe 
the deformation of this region. 

2. The wide extent of diffuse plate boundaries is demonstrated, 
particularly in North America, Europe, and Asia. These boundaries 
are generally neglected in most treatments of plate tectonics and 
related topics. Discussions of the San Andreas fault, for example, 
generally consider the east block to be part of the North American 
plate, but as the map shows, the San Andreas is just the beginning 
of the plate boundary zone. 

3.. The symmetrical structure of many fold belts is shown; examples 
include the Andes, Alps, and Zagros Mountains. This symmetry, 
expressed as opposing thrusts, is well-known in the pre— plate 
tectonics literature, but is neglected in plate theory. 

4. The wide distribution of volcanoes on the upper blocks of 
continent-continent convergence zones is shown clearly. This 
phenomenon has not received nearly as much attention as has the 
volcanism of ocean-continent subduction zones. The question of 
heat sources for this vulcanism deserves study. 

5. The apparent structural unity of the Himalayan-Alpine chain 
is puzzling. It is not at all clear why, for example, a unified 
zone of overthrusting should extend along the north front of the 
Pamirs-Zagros-Carpathians-Alps if this chain is the result of the 
interaction of independently-moving micro-plates. This is 
another structural relationship not shown on conventional plate 
maps . 

6. The map combines the measured plate velocities at spreading 
centers compiled by Minster and Jordan with a detailed tectonic 
representation. This permits easier understanding of the relation 
between spreading rates, seismicity, and vulcanism. The general 
decrease in spreading rate northward along the Mid— Atlantic Ridge 
is ^n interesting demonstration of the rotational nature of plate 
movement . 

FUTURE EMPHASIS 

Work has begun on a complete revision of the tectonic activity 
map. The new edition will provide better representation of the 
Antarctic on the equatorial projection, and will show continental 
margins as opposed to coastlines. It is planned to digitize the 
data to be plotted. 
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D. POSTSEISMIC CRUSTAL DEFORMATION 

by 

S.C. Cohen 

OBJECTIVES 

The postseismic crustal deformation study centers on the develop- ■ 

ment of models of the time-dependent displacements, strains and i 

stresses associated with earthquakes and postseismic rebound. : 

The research objectives are the elucidation of the mechanisms i 

for crustal deformation and the development of an improved under- 
standinq of regional and global geodynamic processes. 

BACKGROUND 

If the earth exhibited only elastic behavior in response to an 
applied stress and if slip occurred along a fault only at the 
time of an earthquake there would be no time-dependent post- 
seismic effects. The displacements, strains and stresses would 
be governed by the elastic rebound occurring at the time of the 
earthquake and there would be no further adjustments. However, 
the earth behaves as an elastic body only on the time scale of 
an earthquake. Or a somewhat longer time scale flow occurs at 
certain depths within the interior. In particular the conditions 
in the upper layers of the mantle including the asthenosphere and 
lower lithosphere are such that creep should occur in response to 
an applied stress. This time dependent softening and flow of sub- 
crustal layers of the earth couples back to the more brittle and 
elastic surface resulting in geodetically significant time- 
dependent surface deformation. The details of the deformation depend 
on the rheological laws governing the rock creep, the geometry of 
the fault and the applied stress field. The model discussed below 
incorporates these fundamental controlling properties into an 
analytic and numeric description of how the earth deforms over time. 

RECENT ACCOMPLISHMENTS 

A numerical model of postseismic deformation associated with a 
shallow strike-slip source such as the San Andreas Fault is currently 
under development. The model represents the earth as a three- 
layer medium. The upper layer represents the brittle elastic 
portion the lithosphere. Present in this layer is a vertical 
nlane across which slip occurs at the time of an earthquake. The 
second layer extends from the bottom of the upper lithosphere to 
the top of the asthenosphere. The model takes the dilational or 
volumetric behavior of this layer to be elastic. The deviatoric or 
shear response is viscoelastic. The viscoelastic model is a three 
element solid consisting of an elastic element with rigidity,/^ 
in series with a parallel combination of elastic (rigidity ) 
and viscous (viscosity,'^) elements. The significance of this 
model is that it accounts for both instanteous, transient, and 
long term behavior of the viscoelastic layer. Specifically for 
a suddenly applied stress such as an earthquake, the substance is 
elastic with rigidity, /Jq,. For slowly applied stress it is also elastic 

but with a smaller rigidity, This means the substance 



can permanently support a portion of a suddenly applied stress 
but creeps for partial relaxation. The third layer, the asthenos 
phere begins at the bottom of the lithosphere. Its dilational 
rheology is elastic and deviatoric rheology is viscoelastic, the 
viscoelasticity taking the form of a seris combination of elastic 
(rigidity , yU' ) and viscous (viscosity,^') elements. 


The numerical analysis is carried out using finite element 
techniques. To date a two-dimension vertical cross section has 
been used in the calculations with the displacements occurring 
orthogonal to this plane. For the results discussed below the 
following parameters have been used: upper lithosphere depth: 

0-20 km, fault depth: 0-20 km, lower lithosphere depth: 20-75 km, 
asthenosphere depth: 75-400 km, elastic and viscous parameters: 


=^’ =5 . 10^^ dyne/cm,'^='?^=5 


10 


19 . 

poise , 


fault slip =±50 cm. 


The computed surface displacements are shown in Figure 
4D-1. At the fault the coseismic displacement is 50 cm and there 
is not postseismic displacement. At 100 km the coseismic 
displacement is 7.5 cm and the postseismic adjustment adds another 
6.5 cm of which somewhat more than 2/3 is due to asthenospheric 
flow but a significant portion is also due to lower lithosphere 
creep. At 500 cm, the coseismic displacement is only about 1 cm 
but the postseismic creep contributes another 7 to 8 cm. In this 
latter case it takes about 85 years to achieve 90% of the post- 
seismic deformation whereas at 100 km it requires about 40 years. 
These results depend on the assumed viscoelastic properties and 
source geometry. An important implication is that it is not 
necessary for the asthenosphere to be very close to the surface 
to get appreciable postseismic readjustment following a shallow 
earthquake. In fact the lower lithosphere creep may also produce 
substantial surface deformation. 


FUTURE EMPHASIS 

Models of poutseismic deformation have evolved in concept and 
development to the point where it may now be possible to begin 
making meaninoful comparisons with observations. Since 
long term geodetic data is most readily available for thrust 
earthquakes it will be necessary to extend the present strike- 
slip work to that case. In addition important questions concerning 
the significance of nonlinear stress strain-rate, creep laws and 
the existence of low rigidity fault zone materials must be 
investigated. Finally, full three-dimensional models should 
be constructed. 
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E. MANTLE CONVECTION AND SUBCRUSTAL STRESSES UNDER THE 

UNITED STATES 

by 

Han-Shou Liu 


OBJECTIVES 

Runcorn has developed a theory of mantle convection and pointed 
out the significance of the subcrustal stress fields as inferred 
from the geoid. By applying the laminar viscous flow model of 
the earth mantle developed by Runcorn, Liu has endeavored to find 
a band pass of harmonics from the satellite and surface gravity 
data in the geopotential which would provide stress conditions 
for the development of geodynamical features in Africa, Asia and 
Australia. These stress conditions are due to mantle convection. 

It is well known that the peculiarities of the geological and 
geophysical features in the western United States are very 
prominent. Therefore, it is desirable to apply these ideas and 
methods to investigate the tectonic, metallogenic and seismological 
provinces in the United States and shown how many of their 
features are in accordance with crustal deformation associated 
with stresses due to mantle convection. 

BACKGROUND 

One of the most convincing surface expressions of mantle plumes is 
in the western United States. According to the mantle plume 
hypotheses, the rising mantle convection currents are supposedly 
concentrated in the mantle plume beneath the Yellowstone Park 
region. A theoretical model of mantle plume is shown in Figure 
4E-1. At the top of the plume, the flow becomes horizontal and 
outward from the center of the plume forming the asthenosohere , a 
layer of low viscosity near the top of the mantle. The velocity of 
the radial flow in the asthenosphere must be zero above the center 
of a radially symmetrical plume, increasing outward to a maximum 
at a radial distance similar to the radius of the plume. At great 
distances from the plume the velocity of the radial flow decreases 
asymptotically to zero. The unknown viscosity and density variations 
within the plume and probable variations in the plume radius with 
depth and in the asthenosphere thickness with the distance from the 
plume make it impossible to construct any accurate and reliable 
flow model. However, one may assume that the horizontal component 
of the mantle flow in the asthenosphere is purely radical with zero 
velocity above the center of the plume and inversely proportional 
to the radial distance at great distances from the plume and with 
one maxima at an intermediate distance. 

The horizontal radial flow near the top of a mantle plume exerts 
stresses on the lower lithosphere. The velocity of this flow is a 
function of the distance from the center of the plume. The radial 
stress in the crust will be tensional over the plume but compressional 
outside the plume, wh:.le the tangential stress is tensional throughout 
the v;hole region of the radial flow (see Figure 4E-1). if both 
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radial and tangential stresses are tensional, as above the plume, 
the surface deformation will be related to normal faults. High 
volcanic acitvity is expected but only small earthquakes will occur 
because of the low tensile strength of crustal rocks. When the 
radial stress is compressional and the tangential stress is tensional, 
as in areas outside of the plume, the ground deformation will be 
largely associated with strike slip faults. Volcanic activity is 
expected to be low; but large earthquakes will occur because of the 
relatively great shear strength of crustal rocks. 

RECENT ACCOMPLISHMENTS 

A fundamental question about the hypotheses of mantle convection 
olume is the observation of mantle convection pattern under the 
United States. Can one establish a flow pattern or stress field by 
observational methods under the crust of the United States which 
can fulfill the above criteria? The convection generated stress 
field as inferred from gravity data (Figure 4E-2) seems to provide 
evidence for such hypotheses of mantle plume. 

SIGNIFICANCE 

The subcrustal stresses in the interior of the United States are 
large enough to cause isolated zones of persistent and potentially 
hazardous seismicity. Seismicity in the western and eastern United 
States may be influenced by the presence of subcrustal stress 
concentration in the unhealed fault systems. From a dynamic point 
of view, areas of stress concentration in the crust can be identified 
if the subcrustal stress fields and fault systems in a particular 
region are known. This can be done by applying stress analyses and 
photoelastic experiments. 

The secular strain change ellipses for seven strainmeter sites in 
the western United States are shown in Figure 4B-3. These secular 
strain change ellipses are consistent with maximum extension in a 
northwest-southeasterly direction. The similarity of ellipse 
orientation at seven sites may not be fortuitous, it may indicate 
a coherent strain field caused by the upwelling mantle convection 
cell under the western United States. Maximum e;:tension at sites 
from Number 1 to Number 6 seems to represent the tangential tension 
outside the mantle plume. But maximum extension at Number 7 appears 
to be related to the radial tension over the upwelling convection 
cell. 

The tectonic model of the Pacific plate moving northwest relative 
to the North American plate implies that the regional stress in 
California should be simple shear across the fault plane of the 
San Andreas striking N45°W. This is equivalently equal components 
of north- south compression and east-west tension. However, strain 
accumulation at seven sites in southern California from 1072 to 
1978 obtained by seismologists has shown a remarkable consistent 
uniaxial north-south contraction of about G.3 per part per million 
per year, the expected east-west tension is absent. Why does the 
component of the east-west extension disappear, in opposition to the 
associated considerable stresses, to form such a state of uniaxial 
north-south contraction? The results of satellite determination of 
subcrustal stresses (Figure 4E-4) has shown that the subcrustal 
stress field under the San Andreas lault in California is in the 
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S45°W direction or equivalently equal parts of north-south 
contraction and east-west compression. Therefore, the measured 
uniaxial north-south contraction could be formed by the super- 
position of two stress systems, the north-south contraction an 
east-west tension associated with the Pacific-North American 
plate boundary plus the north-south contraction and east-west 
compression of the subcrustal stress system caused by mantle 
convection. In this case, the north-south components of the 
stresses from both stress systems would provide the necessary 
contraction and the east-west component of compression from 
the convection generated stress field just cancels the east-west 
extension associated with the drift of the Pacific plate. I 
this interpretation is correct, the remarkable upwelling convec- 
■(^ion cell under the western United States (see Figure 4E ) ^^y 
have profound influence on the state of stress along the 
San Andreas fault in California. 

FUTURE EMPHASIS 

The concept of ultimate mantle control, via zones of crustal 
weakness, “on the distribution of ore deposits will be verified 
by satellite gravity data. A geodynamical basis for the future 
exploration of mineral deposits will be found and this can 
probably be attained by considering the known ore deposits in 
the context of their tectonic settings influenced by the mantle 
disturbance persisting through long periods of geological time. 
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CRUSTAL STRUCTURE AND DYNAt4ICS OF SOUTHEASTERN U.S. 


F . 


by 


R.J. Allenby and M.A. May hew 


OBJECTIVES 

The primary objective of this effort is to develop structural and 
tectonic models of the southeastern United States through a syn- 
thesis and re-interpretation of seismic, gravity, and magnetic 
data . 

BACKGROUND 

A knowledge of the thickness, composition and dynamic stability 
of the Earth's crust is critical to locating geodetic sites for 
NASA's crustal dynamics project, interpreting and modeling gravity 
and magnetic satellite data. We are initiating such a crustal 
study in the southeastern U.S. by re- interpreting deep refraction 
data obtained by the 1965 East Coast Onshore-Offshore Experiment 
(ECOOE) , a cooperative effort that involved 11 participating 
institutes and obtained over 1100 records from a shot and station 
array covering portions of Maryland, Virginia, West Virginia, 

North Carolina, South Carolina* Georgia, Tennessee and Kentucky. 

The accuracy of the initial interpretation of these results by 
James et al., 1968, was reduced, by his assumption of a simple, one 
layer crust above the Moho — an assumption we now know to be 
erroneous. Since then a substantial body of new refraction data 
has been collected, improved velocity models based on surface 
wave dispersion studies have been constructed, and long wavelength 
satellite gravity and magnetic results have become available. We 
propose to carry out a limited synthesis of these data, something 
that has not hitherto been done. 

RECENT ACCOMPLISHMENTS 

A computer program for inverting phase travel times to a 2-layer 
crustal thickness model using a modified time-term approach is 
operational, and some initial results using a selection of ECOOE 
data have been obtained. 
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The program performs an Initial weeding of the shot-station ^Ir 

«avL iime^raph! L initial program has been 
fied to reduL computer core 

all available data for the region in the analysis. 


rssrs^rh?in^e^re^lo^lb!r^ill?^?^irt!c'?lr;cer^aL^ 

:?i?!^^Lr/criteXr^il-^lm“?UorSi^^^ gravity data 

and results of individual seismic lines. 


n offnri-c; are directed toward supplementing the ECOOE data 

JillT latrirom LrthqSaLs, and towLd developing software for 
With Pp zzuin ^ rontourinQ, and 


““utSr^p”ttIng “o1 reruUrand 'Jorgridding. contouring, and 
modeling gravity data, 


A regional structure/denslty model will permit '=°"f 

static stress models, and will form a basis for modeling crustal 

magnetization using Magsat data. 


FUTURE emphasis 


Because of funding limitations, activity on this proDect will be 

oontidLabirreduLd and will concentrate on the area of the 
considerably re Ground based and satellite geophysical 

datI pSripSe?L rih4 EcSSe area will be incorporated into the 

model as time and funds permit. 
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CHAPTER 5 


GRAVITY FIELD MODEL DEVELOPMENT 
edited by 
W.D. Kahn 


OVERVIEW 

Knowledge of the earth's gravity field is fundamental to 
understanding the dynamics of the earth. For solid earth 
physics, knowledge of the variations in the gravity field 
provides information on the earth's physical properties and 
aeodynamic processes and olaces constraints on the internal 
structure of the earth. In oceanography, knowledge of 
departure of the actual sea surface from a unique equipotential 
surface of the earth's gravity field (the geoid) can reveal 
information on oceanic circulation. In addition, other areas 
which benefit from knowledge of the earth's gravity field are 
satellite orbit determination and classical geodesy. 

This chanter describes: (1) a special investigation on the 

cause of the force which causes a decrease in the semimajor 
axis of the Laaeos satellite's orbit and to model it in the 
Geodyn program; (2) current and future capabilities of the 
Geodyn program are discussed. In particular, work to be 
performed for using this program as the analysis tool in 
support of the Gravsat mission, and (3) the successful develop- 
ment of a specialized gravity field model which has improved 
the accuracy of Seasat-1 orbits. Such improvement in the 
Seasat-1 orbits will result in more effective utilization of 
Seasat altimetry by the user community. 
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A. UNEXPLAINED LAGEOS PERTURBATIONS 

by 

D.P. Rubincam 


OBJECTIVE 

The purpose of this work is to find the cause of the force which 
is decreasing the semimajor axis of Lageos’ orbit, and to model 
it in the Geodyn program. 

BACKGROUND 

The semimajor axis of Lageos’ orbit is decreasing at the rate of 
1.1 mm day“^ (see Fig. 5 a- 1) due to an unknown force. It is 
important to understand and model this force so that Lageos can 
be used to make high precision measurements of plate motion and 
other geophysical phenomena. 

Last year atmospheric drag from a combination of neutral and 
charged particles was singled out as the probable cause of the 
orbital decay. This conclusion was based on two factors. The 
first was that there may be substantial quantities of neutral 
helium at Lageos' altitude, which helps explain the drag on Lageos 
and the "helium oroblem" of accounting for the escaoe of helium^ 
from the earth's atmosphere. The second factor was that the 
observed rate of orbital decay fell within the limits of 
uncertainty of ♦■he; rate predicted by various theories of charged 
particle drag. However, the charged particle drag calculation 
depended strongly on the charged particle number density at Lageos' 
altitude, and the voltage on Lageos, as well as the theory used. 
Since these were not well known or well understood, the calculation 
was not very satisfactory. 

RECENT ACCOMPLISHMENTS 

Recent work has focused on reducing these uncertainties in the 
calculation of charged particle drag on Lageos. 

The charged particle number density at Lageos' altitude is now 
reliably known, it is about 2 x 10^ particles m~^, and consists 
mostly of hydrogen ions (Chappell, et al . , 1979). 

Charged particle drag on small charged spheres has been measured 
in the laboratory by Knetchtel and Pitts (1964). Their experi- 
ments give an empirical equation relating the drag to the charge 
oarticlo number density and the v'oltage on the satellite. This 
cipproach removes the need to rely on the theories of charged 
particle draa, all of which disagree with each other. 

The new charged particle drag calculation using this now informa- 
tion shows that it accounts for at least 61 percent of the observ'ed 
drag. And since neutral hydrogen accounts for about another 10 
percent, at least 71 percent of the observed orbital decay can bo 
atributed to atmospheric drag from a combination of neutral and 
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charged particles. If it explains this much of the decay, then 
this mechanism probably accounts for all of the decay. This is 
because the estimate of charged particle drag may be slightly 
conservative, and because neutral helium may be a significant 
source of drag. 

In summary, it appears that the unknown force acting on Lageos 
is in fact atmospheric drag from a combination of charged and 
neutral particles. A detailed discussion is reported in Rubincam 
(1980a, 1980b). A similar conclusion was reached by Afonso 
et al. (1980). 

SIGNIFICANCE 

The atmospheric drag force can be modeled as a force with a con- 
stant magnitude and a direction opposite to that of the satel- 
lite's velocity vector. It has, in fact, been so modeled in the 
Geodyn orbit determination program. This will allow other smaller 
p 0 j- turba t ion s to be looked for, such as those due to general 
relativity, as well as permit accurate geophysical investigations 
to be done with Lageos. 


FUTURE EMPHASIS 

Pj^^ture work will focus on the continued monitoring of the decrease 

in the semimajor axis of Lageos' orbit, and possibly smaller 

perturbations coming from other sources, such as general relativity. 
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B . GEODYN PROGRAM SYSTEMS DEVELOPMENT 


by 

B.H. Putney 


OBJECTIVES 

The purpose of the Geodyn Orbit Determination and Parameter 
Estimation Program is to recover geodetic and geophysical 
parameters from satellite data in a state-of-the-art manner. 

BACKGROUND 

In 1971 the Noname and Geostar programs were combined to form 
the Geodyn program. The philosophy of the development has been 
to mold the program very carefully to maintain computer effi- 
ciency and good program structure, appropriate orbit and earth 
modeling, precise satellite measurement modeling, efficient 
numerical procedures and careful benchmarking. This care has 
paid off in the production of several GEM's (Goddard Earth Model) 
precise station locations, improved tidal, GM, and polar motion 
values, consistent baseline determinations. Careful usage and 
modeling using laser, altimeter and other satellite data from 
the GEOS satellites, BE-C, Starlette, Lageos and Seasat satellites 
as well as many others has allowed these accomplishments. 

RECENT ACCOMPLISHMENTS AND SIGNIFICANCE 

The Seasat operational orbits were determined this year. The 
new time-dependent drag coefficients proved to be very useful. 

A new data type, altimeter crossovers, was introduced. 

The Crustal Dynamics work has required Geodyn to handle many 
thousands of observations routinely. Since there are so many 
observations, sampling residual printout has become an important 
option . 

In support Gravsat and the Gravsat simulation, many changes 
had to be made to Geodyn and many more will ) ave to be 
incorporated in the future. We needed dynamic allocation of 
gravity anomalies, surface densities and a new parameterization 
"geoid heights." A new Global Positioning System (GPS) data 
type has been introduced. Provision needed to be made for blocks 
less than 1° in the localized gravity parameterization. An 
analysis of internal nu.merical procedures such as stepsize and 
critical angle was required. In addition, a checl<sum for the 
aravity parameterization was needed by the analysts. A pre- 
liminary report entitled, "Techniques for Reduction of Computer 
Requirements for Gravsat Normal Equation Generation," was 
generated . 
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In the general area cf modeling, the Jacchia 77 model has been 
implemented as well as a revised, solid-earth tidal model and 
general relativity model. The program now integrates in coordi- 
nate or ephemeris time instead of atomic time so that relativity 
can be properly modeled. 

A software package is being developed to create normal equations 
from observational equations. This additional flexibility will 
be very important for future production work. Another important 
area has been the rewriting of Geodyn for a vector or parallel 
processor. Meetings are being held to plain this future activity. 

One major version GDYN8006 has been released this year. 

Documentation in the mathematical and user guid areas has been 
updated for Geodyn and documentation of the Table Update Program 
has been created. GSFC has actively supported Geodyn users at 
JPL, Ohio State University and the Netherlands. Conversion of 
Geodyn to the Fortran Q compiler has given preliminary CPU re- 
duction of more than 30%. 

In the software development, we have tried to be responsive to 
the current needs. Geodyn is a very complex program, consequently, 
all modifications are difficult. As we handle so many observation 
data types and complex earth models any modification in one area 
causes problems to the other areas. At times, the modifications 
seem to come slowly and with limited resources, progress is even 
more difficult. Despite these problems, the program has performed 
well. 

FUTURE EMPHASIS 

With the anticipation of the Gravsat mission large local gravity 
type parameter solutions require many modifications to Geodyn. 

The local representations of gravity anomalies, surface densities 
and geoid heights must be made computer efficient. The order that 
these parameters are stored in core becomes very critical from a 
software point of view. The current numerical techniques for 
computing the accelerations from these parameters is not adequate. 
The resultant step function needs to be smoothed for accurate 
orbit determination. Since these are local representations, it is 
probable that the entire earth need not be used at each integration 
step. This approximation needs to be introduced as an option. 

This local property suggests using banded matrices for the 
parameter estimation. In addition, blocks smaller than one degree 
must be accomodated. The accuracies required in these solutions, 
will require close examination of other program approximations. 

It is now desirable to allow the square root matrix inversion 
technique as an option in the Geodyn system. Both the Keplerian and 
nonsingular elements need to be included in the partitioned 
normal equations. A restart or continuation capability within a 
single arc would allow arcs to be created in pieces just as the 
normal equations allow the solutions to be produced in reasonable 
subsets . 
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By mid-1982, the 360/95 is scheduled to be phased out. This 
computer has been the most heavily utilized computer of the 
Geodynamics Branch and because of the phase out and other future 
requirements, the Geodyn program needs to be studied for the 
conversion to a vector or parallel processor. Part of this 
study should be a document, containing the current modes of 
operation in the branch and how the CPU and I/O is useful in 
each case. The Boole and Babbage Analyzer is very useful for 
these analyses. The subroutines of the program that are used 
the most can be identified for further study and it can be 
determined which sections of the program can benefit from the 
redesign. 

It is also required that a document be written outlining the 
planned approach for the conversion, containing milestones, 
manpower required, and identifying areas requiring further 
investigations. The important Gravsat modifications need to 
be identified and implemented. 




c. IMPROVED GRAVITY MODEL FOR SEASAT 

by 

F.J. Lerch 


OBJECTIVE 

The objective is to improve the gravity field model of the earth 
to reduce orbit error on Seasat for more effective use o" thi 
spacecraft altimetry. Seasat altimetry (tlO cm» requLei 
precise knowledge of the radial position of the satellite for 
oceanographic applications (e.g., tides and ocean circilatio^) . 

BACKGROUND 

orbits have been computed independently by both NSWC 

iltimetrv , 1980) and GSFC for appliLtons with 

Seasat project. Comparison of these orbits 
(Marsh and Williamson, 1980), have shown that their differences 

erro?2'‘in the^ara" through power spectral analysis to 

orlviL 7 t t orbits were based upon a 

^ leld (Lerch, et al., 1979) that employed data from the 
GEM models and only ground tracking data (laser and S-Band) from 
Seasat which excluded the altimeter data. Since comparison with 
altimeter data (Table 5C-2) indicated that the Ss?? orJltS 
cou d be improved, a new gravity field model emoloying Seasat 
uied was derived. Although altimetry may be 

orbitr^^r th" requires 

tne orbits for the experimenters be derived directly from ground 

tel^rbiacw 

spociJTizcd ’’ ® models dovulooed are 

specialized fields designed specifically to improve the Seasat 

slteni^el'"''^ xntended for generalized usage with othe^ 

RECENT ACCOMPLISHMENTS 

gravity model, PGS-S4 (Lerch, et al 

arextension oJ been added is based upc;>n 

ind gi a K ^ the previous Seasat gravity models PGS-Sl, S2, 

' " shLn L ?;bte Sc'l employed for thes; models 

spread over a 3-month lifetime on the spacecra<^t altimetrv 

a?avu;?ijna '’r® Performed to silocfthe 

orbits*^ Orhi models which are important for Seasat 

KaSl^'^ f position perturbations were computed using 

Kaula s rule for the size of the coefficients and results are 

36^^^ne?f ^iHure 5C-1 for harmonics through degree and order 
36. norturbations above the solid black lino nnctie^llv I?? 

?icJd'^' '^'’® ^■■diustmenfof til giLlty 

^ho ^ ^ ^ recovery of the coe‘:f icients is based upon 

Ane I ^C-l, which arc mLtly 

il a . ^ ^ component, it in the radial component which 

IS needed for accurate reduction of the satellite altimltry 
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TABLE 5C-1. DATA EMPLOVED MODELS FOR SEASAT 


PGS-Sl DATA = GEM 9 + SEASAT LASER 

PGS-S2 DATA = GEM 9 + SEASAT (LASER + S-BAND) 


PGS-S3 DATA 

= PGS-S2 + 

GLOBAL GRAVIMETRY AND ALTIMETRY (GEOS- 

PGS-S4 DATA 

= PGS-S3 + 

SEASAT ALTIMETRY 





GEM 9 DATA 



Type 

No. of 
Obs . 

No. of 
Satel 1 i tes 

No. of 
Arcs 

Harmonics 

Complete 

optical 

150,000 

24 

287 

16 X 16 

electron ic 

477,000 

11 

97 

16 X 16 

laser 

213,000 

9 

127 

22 X 22 



SEASAT DATA 



laser 

16 , 5000 

1 

8 

30 X 30 

S-Band 

5, ±00 

+ 

8 

30 X 30 

TABT,ES 5C' 

-2. ORBIT ANALYSIS EMPLOYING A GLOBAL 
COVERAGE OF ALTIMETER CROSSOVERS 
ON SEASAT 

COVERAGE 

MODEI, 


CROSSOVER 

RESIDUALS 


ORBIT 

ERROR 

PGS-Sl 


3.0 m 


2.1 m 

PGS-S2 


2.5 


1.8 

PGS-S3 


1.9 


1 . 3 

PGS-S4 


1.2 


0.8 

NSWC 


1.45 


1.0 
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(UNITS ARE CM) 

*•* > 999 CM 

HARMONICS ABOVE SOLID LINE INCLUDED IN SOLUTION 


Radial perturbations (Lerch, et al., 1979), being significantly 
smaller than the total perturbation, are modeled down to a few 
centimeters in the adjusted set of harmonic coefficients. 

In PGS-Sl and S2 the solution is based upon satellite data only 
and the harmonics, solid through 30 x 30, are not completely 
separate (ill-conditioned) in a normal least squares adjustment, 
where only noise is minimized in the residuals. Tp achieve 
separability (that is a solution for all the harmonics) least 
squares collocation (Moritz, 1978) was employed where both noise 
and signal are minimized collectively. The analysis for this 
method of solution is given in the above referenced report for 
Seasat. However, in the case of PGS-S3 where GEOS-3 altimetry 
and surface gravity data are combined with PGS-S2, the normal 
least squares method gives a well-conditioned solution (GEM lOB 
plus Seasat data) . As with GEOS-3 orbits this latter type of 
solution (PGS-S3) gave better radial positions for the Seasat 
orbits. PGS-S4 was formed by adding Seasat altimeter data to 
PGS-S3, where the altimetry provides direct observations for the 
satellite dynamical height perturbations. 

Seasat altimetry data was employed to estimate the accuracy of 
the radial position of Seasat orbits with use of the different 
gravity models. This technique is based upon the condition that 
at the crossover point of two altimeter tracks the difference in 
the altimeter measurements is equal to the difference in the 
radial position of the orbits. The difference in these two 
quantities is called the crossover residual which should be zero 
expect for errors in the orbits and small effects from altimeter 
noise or sea state changes. Here it will be assumed that the 
residuals are due to errors in each of the two crossing orbits. 

A global set of 8000 altimeter crossover points were taken over 
a 12-day period of Seasat altimetary. The rms of the crossover 
residuals were computed and are given in Table 5C-2, where it is 
seen that the PGS-S4 model gives the best results with orbit 
errors of less than one meter. 

SIGNIFICANCE 

Orbit errors on Seasat have been reduced from 3m with GEM 9 
(Lerch, et al., 1979) to 0.8 m with PGS-S4. For the first time, 
as based upon the altimeter crossover results of Table 5C-2, 
the GSFC orbits show improvement over the NSWC orbits. GSFC 
orbits are dynamically computed over 3-day arcs whereas NSWC 
orbits are computed over two- revolution arcs. 

FUTURE EMPHASIS 

It is desirable to reduce the orbit error on Seasat to an accuracy 
of better than 10 cm for altimeter application. NSWC is planning 
to improve their Seasat orbits with their Doppler tracking system. 
In PGS-S4 only 8 days of Seasat altimetry was employed as a test 
case and it is planned to use altimeter data in a new solution 
to cover the 3-month lifetime period. 
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CHAPTER 6 


GLOBAL EARTH DYNAMICS 
edited by 
D.P. Rubincam 


OVERVIEW 

The physics of the earth may be studied in a global sense as 
well as in a regional sense. In some cases, the entire earth 
participates in geophysical phenomena, compelling a global 
viewpoint; an example is polar motion. In other cases, global 
studies provide a perspective on the physics of the earth which 
regional studies cannot; an example is the study of the earth's 
external gravity field in relation to tectonically active areas 

The association of the Earth Survey Applications Division with 
satellite orbit determination has emphasized the analysis of 
satellite-derived data which give information on the earth's 
global structure and dynamics. In this chapter, the results of 
studies of the satellite-derived gravity field and polar motion 
are presented. These studies range from the earth's internal 
density structure to mantle convection to the track of the pole 
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A. CONVECTION GENERATED STRESS FIELD AND INTRA-^LATE VOLCANISM 


Han-Shou Liu 


OBJECTIVES 

Althouah most of the earth's volcanism occurs at or adjacent to 
plate boundaries, volcanic activity has occurred within plates, 
which cannot be associated with plate marnin nrocesses. The 
objective of this investigation is to determine the distribution 
of' the intra-plate Cenozoic volcanism and how it is related to 
the convection oenerated tension stress field in the lithosphere. 

The products of Cenozoic volcanism are widely spread in both 
oceanic and continental areas. In the ocean reaions, our know- 
ledge is limited, ’^urther complexity arises as manv of the 
islands lie on or near crustal structures associated with spreading 
and subduction p!*ate boundaries and cannot be defined as intra- 
olate volcanism, we shall concentrate on the discussion of conti- 
nental volcanism in the Western United States, Australia, Asia 
and Africa. 

BACKGROUND 

The subcrustal basalt maoma is quite incaoable of breaking 
throuah to sur<"ace under its own power, unless wide open ^"issures 
are available to it as channels alone which it can rise. This 
raises the question o'^ how such abyssal ♦'issures, of whose 
existence there can be no doubt, have their origin. 

Basaltic volcanism is a <"eature common to most rifts. In 
basaltic fissure eruptions, the fact that the emission of magmatic 
materials beains immediately when the ^issure is opened, indicates 
that this opening takes d'' ace ^rom below and works its way upwards, 
and that the magma penetrates into the fissure almost instantaneously. 
It thus follows that the tensional forces which cause the formation 
of fissures originate at the lower sur^^ace o*" the earth’s crust. 

The reason '^or such tensional forces must thus be sought, not in 
the crust itself, but in its substratum. In this subcrustal 
zone, displacements o^ material can apparently occur which cause 
sufficiently strong tension in the overlving crust to overcome 
the tensile strength of the crustal material 

In principle, four di^^erent types of movement in the substratum 
may cause tension in the overlving crust. These types o^ move- 
ments are illustrated in Pig. 6a-l. The ^irst is an accelerating , 
horizontally directed current, which is transmitted by i^riction 
to the overlying crust and causes tension in the direction of 
^low. Secondly, i*" an ascending current splits into bilateral 
or centrifugal branches, these will obviouslv exert tensional 
force upon the overlying crust. Thirdly, horizontal and paral le'' 
currents of differing velocities will set up torsional forces in 
the crust, which will give rise to the opening of fractures lying 
oblinuely to the direction of flow. Fourthly, a uniform but di- 
\'erging current ma\’ likewise cause tensional fractures, which in 
this case will be parallel to the direction of flow. 


C. 
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Fissures which are formed in the lower parts the earfh'c: 
cannot remain open and ganinq, since the crustal materials a?J 

again. When the fissure originates at the base of the crust or 

substratum, and penetrates upwards, the 
intruding magma not only keeps the fissure open, but wides it 
urther by virtue of its own hydrostatic pressure. It is a 

"issSre?tha'2‘^ihe°J ^11 these abyssal 

tne tensile strength of the material concerned within a shorter 
period than its relaxation time, whether it should be subcrustal 
roSS. thousands of yea?s)? crustal 

RECENT ACCOMPLISHMENTS 

gravity data to calculate the global stresses 

-i?s ^'^'^esses Le sho™ 

stresses due to tl^e 9 eneral, divergent arrows indicate tensional 
stresses due to the upwelling mantle flows and converaent arrowQ 

resulting fom fh2 S^elU^r 

mantle tlows. The tensional stress field in Fias 6A-2 - fiA-fi 
consists of the four-basic stress patterns as shS^n in Fig! etl. 

SIGNIFICANCE 

stresses in the lithosphere are inferable 
rom the hiqh degree harmonics of the geopotential , Hot spots on 
® surface, marked by anomalous volcanism, could be 

causefbv concentration in tension 

the hotter upwelling mantle convection currents. Wide- 
spread Cenozoic intra-plate volcanism in Africa, Asia Australia 
and the Western United States is almost exclusively restricted ?o 
areas of the convection qenerated tensional stress f^I^d^h^s 
non-random distribution indicates that during Cenozoic tVe convec- 
stresses in the lithosphere have exerted a control 
on the locations of these volcanic arSas. In thts case int?a- 

associated with tensional tectonics 
The absence of volcanism in the convection generated comoressional 
stress regimes implies that the environment ' of compressTon !n ?hf 
lithosphere is unfavorable for basalt magmas to miaStr?rom t^e 
asthenosohere to the surface of the eartL Based on tL resuUs 
IS study. It seems reasonable to suggest that the convection 
generated subcrustal tensional stress field as inferred 
satellite and surface gravity data may be the genel^rof the 
Cenozoic intra-plate volcanism. 

FUTURE EMPHASIS 


Obtaining a global distribution of stresses would be a great 
achievement of science Unfortunately, stresses in the earth are 

ii''thrc'rusr Stres^m 'difficult to obtain for even one Voint 

crust. Stress measurement techniques often vieM conflictina 
eyidehce concernino the state of stress in the crust LcICse 

arc costly, they are scarce. For exampl^! 

at? eist * 1 ^''^ "^ailed to achieve the goal to develop a mac for 

east small oortion of the earth showing the state of stress. 
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At present there is a lack of experimental information on the 
natue of thermal convection in the asthenosphere and on the 
question of whether the lithospheric stress field is accompanied 
by mantle convection. However, there appears to be a nxarober of 
geological phenomena in which convection generated stresses are 
postulated to take place. A new look at these geodynamical 
orocesses should be taken. The global distribution of the 
Cenozoic intra-plate volcanism in which tensional stress field has 
been documented suggests that intra-plate volcanics are not 
immune to this stress process. 

In the difficult problem of convection generated stress fields, 
it seems better to start from the case where we have the most 
important information (satellite and surface gravity data) and 
to argue from it to the real problems in geophysics and geology, 
rather than to allow techniques and preconceptions in fluid 
mechanics to influence thinking about the mantle convection flow. 
In this way, we may be able to develop systematic stress fields, 
step-by-step, with critical guidance, and draw them together 
into a unified pattern. 

REFERENCES AND PUBLICATIONS 

Liu, H.S., 1980, "Convection Generated Stress Field and Intra- 
Plate Volcanism," Tectonophysics , 65, 225-244. 
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directions inferred from seismic focal mechanism studies. 1 = Snake River Plain; 2 = Rocky 
Mountains; 3 = Rio Grande Grab^n; 4 = Colorado Plateau; 5 = Basin and Range; 6 = Sierra Nev 
Heavy arrows derived from seismic data (Smith and Sbar, 1974). 
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Fig. 6A-4. Convection generated stress field and Cenozoic volcanisni in Australia. 
(Sources of volcanic features: references in text). 



g. 6A-5. Conozoic volcanism and convection generated stress field in 
= Heilungkang, 3 = Inner Mongolia; 4 = Taiwan; 5 = Hainan; 6 = Yunnan 
ources of volcanic features: references in text and the Tectonic Map 









sra?f ?,oSc.r.‘i -- .Ts: ""-u, 

"ir: Ba,..da, 

L; Bu'n^e: 

southwest Africa. (Sources of volcanic features: references in 

2 Xt and the International Tectonic Map of Africa, 196B) . 
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GEOID ANOMALIES OVER SUBDUCTION ZONES 


by 

D .C . McAdoo 


OBJECTIVES 


The objective of this study is the determination of density structure 
associated with major subduction zones. Lonaer term objectives 
include: (i) elucidation of mechanisms by which apparent mass 

excesses--at subduction zones — are suooorted or compensated; (ii) 
estimation of the strength/rheology of the tongue of subducting 
lithosphere and the surrounding mantle. 


BACKGROUND 


From examination of low resolution glc ba.l gravity maps it is evi- 
dent that mass excesses occur near subduction zones. Theoretical 
studies suagest that relatively low temperatures should oersist in 
lithospheric slabs as they subduct and, as a result, that positive 
density anomalies arise within the slab. To date, this study has 
^ocused on definina these apparent mass excesses in various regions 
and determining the extent to which they mav be attributed to 
density anomalies within the slab. Earthquake hypocenter distribu- 
tions (Beniot^ zones) are used to constrain the position of the 
slab model. Precise estimates of the intermediate wavelenath 
(1000-4000 km) component of the geoptential are crucial to this 
study. GEOS-3 and Seasat altimetry provide such estimates--other 
measurement systems generally do not. This work is described more 
fully in McAdoo (1980). 


As indicated be^ow the positive density anomalies which have been 
inferred in this study for particular descending slabs are aenerallv 
less by varyinq decrees — than those predicted bv a reasonalalo 
thermal conduction model. These low values of inferred density 
anomalv can be explained as the result of a particular "roaional 
compensation (Grigos, 1972) o^ anomalous mass in slabs. The exact 
nature and mechanism of this compensation are not presently under- 
stood, but are beinq actively investigated. In all likelihood this 
mechanism of compensation is intimately related to the overall 
dynamic interaction of slabs with their surroundings and to the 
oroce.sses drivinq major plate motions. 

RECENT ACCOMPLISHMENTS 


Work (McAdoo, 1980) has been completed on subduction zones of the 
southwest Pacific. Results include estimates of the averaqed 
anomalous mass nor unit area for the Now Hebrides and Tonqa-Kermadoc 
slabs o*^ 3.2 x 10^ and 1.0 x 10^ qm cm~^, respect ivelv . A oood 
aqrooment was found between the marine qeoid obtained’ from direct, 
(altimetric) observations and the qeoid computed ^rom the roaional 
model (see an example in Fiq. 6B-1) . It was necessary in this work 
to model the aeoidal effect arisina from a substantial age (or 
thickness) difference between the younq thermal lithsophere behind 
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arc and the normal oceanic lithosphere seaward of the trench. 

This study has now been extended to the region of the Aleutian/ 
Alaskan island arc. Early results indicate that the portion of the 
Aleutian slab west of 170°W longitude is subject to a partial 
('30%) regional compensation. On the other hand the New Hebrides and 
Tonga-Kermadec slabs were found to have an apparent regional 
compensation of '>>•10% and 65% respectively. These percentages 
depend of course upon the particular choice of reference model for 
slab thermal history. An observed geoid (mean sea surface) and a 
model geoid for the Aleutian region have been computed. 

This computed geoid is preliminary. It is derived using a slab 
model (anomalous mass per area which increases from 0 near surface 
to 9.5 X 10^ gm cm”^ at 200 km depth) and a model of the mass void 
associated with the actual trench. The Aleutian Basin admittedly 
has a complex history; however, it can be interpreted as having an 
effective sea floor age which is slightly less than that seaward 
of the arc according to the thermal rejuvenation hypotheseis of 
Langseth, et al., (1980). This study indicates that in the westei n 
Aleutian arc the mass void of the trench proper does not noticeably 
compensate positive mass anomalies within the slab, and that 
gravitationally apparent density anomalies in the slab are concen- 
trated at depth, perhaps extending to greater depths than the 
seismically defined Benioff zone. 

SIGNIFICANCE 

This study provides estimates of mass anomalies associated with 
various subducting slabs. These estimates can be used to gain 
understanding of mechanisms providing support or compensation of 
descendina slabs and ultimately of mechanisms driving major motions. 

FUTURE EMPHASIS 

Estimates of density structure for subduction zones of the western 
Pacific will be obtained. This particular work awaits forthcomina 
results on regional hypocenter distributions. Heat flow findings 
are to be more fully used. In the longer term, thermo-mechanical 
models of subduction processes will be developed and applied. 

REFERENCES AND PUBLICATIONS 

Griggs, D.E., "The Sinking Lithosphere and Focal Mechanisms of 
Deep Earthquakes," in The Nature of the Solid Earth , 

E.C. Robertson (editor), McGraw Hill, New York, p. 361, 1972. 

Langseth, M.G., M.A. Hobart and K. Horai, "Heat Flow in the Bering 
Sea," J. Geophys. Res ., V. 85, p. 3740, 1980. 

McAdoo, D.C., "Geoid Anomalies in the Vicinity of Subduction Zones," 
J. Geophys. Res ., in press, also NASA/GSFC TM 80678, 1980. 
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C . INFORMATION THEORY DENSITY DISTRIBUTION 

by 

D.P. Rubincam 


OBJECTIVE 

The purpose of this work is to make a rational inference as to the 
earth's internal density distribution and relate it to the 
tectonics of the earth. 


background 

A basin problem in geophysics is how to make inferences 
state of the earth's interior based on incomplete data, 
case the data is the spherical harmonic coefficients of 
gravity field. The lateral gravity field is generated 


about the 
In this 
the earth's 
bv the earth 


lateral densitv distribution. However, an infinite number of 
^erent density' distributions will give rise to the observed gravity 
field. The problem is to choose the "most likely lateral density 
d i s t r ibu t ion out of the infinite pos s ibi 1 i t ies . 

A rational inference method called ITI , Information Theory Inference 
(also called MEM, Maximum Entropy Method) has been applied to the 
oroblem of the lateral density distribution. A discussion of ITI 
may be found in Rubincam (1979). Briefly, ITI assigns probabilities 
to each the oossible densitv distributions. The probabilities 
are chosen so as to maximize Claude E. Shannon's information measure, 
subject to the constraints of the data. The density distributions^^are 
then weighted by probability and summed to olatarn the most likely 
density distribution. This is in practice identical to the statisti 
cal mechanics aonroach o^ J. Willard Gibbs. The 

approach is to make information theorv its basis, rather than entropy. 
This Clives the approach more power and miakes it applicable p 
outside of statistical mechanics. 

The ITI lateral densitv distribution has been derived from the GEM lOB 
aravitv ^ield usino Maxwell-Boltzmann statistics. It assumes that 
tSr spherically svnmetric part of the density distribution (which we 
will call the radial density distribution) is known. For this - 
oarametric earth model density distribution of Dziewonski, et 
(1975) has been used. In practice it makes little difference what 
radial density distribuiton is used, since it has been shown that 
the ITI lateral densitu distribution is very insensitive to changes 
in the radial densitv distribution. The derivation also assies that 
the lateral densitv oerturbation is small compared to the radial 
densitv distribution. This is a good assumption, since the lateral 
chances in density seldom exceed 1 percent of the radial density. 

A com.puter program has been written to display teh ITI lateral density 
distribution in various ways, in order to observe correlations ^ 
densitv and tectonics. This program allowa crustal model (anc. hen 
the crustal aravity field) to be stripped of^ i^ desired, and ITI 
algorithm aonlied to the remaining gravity sianal. Two crustal models 
have been used: an i sostatica 1 ly compensated crust with a compcnsatio. 

depth of 30 km, and an isostatical ly uncompensated crust 30 km thick. 


t>P PiXdR Q^’Ai.’TY 



The pi latepl density distribution at the earth's surface, with 
the topograpy flattened to the surface and no crust stripped off, 
IS very similar to the GEM lOB gravity anomaly map. It shows 
map excepes at the trenches, oceanic ridges’, and hot spots (but 
np in pi cases). It shows mass deficiencies at the abyssal 
plains (again not in all cases) , and at the glacially depressed 
regions of the continents. ^ ^ 

RECENT ACCOMPLISHMENTS 


One rpent accomplishment is to examine the ITI density anomalies 
near linear tectonic features, especially trenches and oceanic 
riages. The technique used was to determine the great circle 
connecting two arbitrary points near the linear features. Then 
poss-sections through the upper mantle were taken between the 
two points, with each cross-section running perpendicular to the 
peat circle. After much experimentation this appears to be the 
best approach for examining how the ITI density distribution 
varies along and across a linear tectonic feature. 

An example of such a cross-section is shown in Figs. 6C-1 and 6C-2. 
It is for the region near the bend in the Peru-Chile Trench. 

Figure 6C-1 shows the positions of the great circle and the cross- 
section. Figure 6C-2 shows the relative density in the cross- 
sectip. Relative density is defined as the lateral density 
anomalv divided by the radial density distribiton. The isosta- 
tically compensated crustal model has been stripped off. 

Another recent result is the completion of the paper (Rubincam, 1980) 
on inverting grid coordinates to find latitude and lonaitude in the 
van der Grinten projection. 


SIGNIFICANCE 


pe cross-sections of the trenches examined generally show hiqh 
pnsity, as expected from the gravity field and olate tectonics, 
pwever, the visual evidence for the sense of plate motion is so 
-ar eqpvocal; Fig. 6C-2, for example shows little to indicate a 
dense downqoinq slab. More data should be added to the ITI 
algorithm to sharpen the density picture. 

The ITI density distribtion under the Mid-Atlantic Ridge shows a 
region of high density after the isostatic crust is removed. This 
is at variance with plate tecotnics, which states that low density 
mappal should be rising under the ridge. The disagreement is 
likely due to the crustal model. An isostatical Iv compensated 
crust with compensation depth of 30 km probably poorly models the 
oceanic ridges. This indicates that better models are needed. 

FUTURE EMPHASIS 


ye future emphasis will be on: continued examination of the ITI 

dysyy distribution near i inear tectonic features; the comparison 
of the ITI results with what is known about these features from 
oyer geophysical data, such as seismic data; the knotty problem 
o. extending ITI to include seismic data; and better models of 
the crust. 
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D. 


LATERAL DENSITY VARIATIONS IN ELASTIC EARTH MODELS 
FROM AN EXTENDED MINIMUM ENERGY APPROACH 


by 

B. V. Sanchez 



OBJECTIVES 

The external gravitational potential of the earth can be expressed 
in spherical harmonics and its components determined by analysis 
of satellite data. Such an analysis indicates the presence of 
lateral variations of density in the earth's interior. However, 
it is not possible to define uniquely what these lateral density 
variations are by inverting only the gravity data. 

The objective of this investigation was to determine the lateral 
density variations by means of static earth-tide theory in a 
modified form, imposing the condition of minimum strain and non- 
hydrostatic gravitational potential energy in the mantle and crust. 

BACKGROUND 

The question of lateral density variations and the internal stresses 
they produce has imp. ications with respect to the possible existence 
of mantle convection v ithin the earth. Kaula (1963) used modified 
static earth- tide theory to estimate the minimum shear stresses 
induced by the internal density anomalies and concluded that the 
stresses are probably excessive. 

Lambeck (1976) has oointed out that the nonhydrostatic gravity field 
implies the existence of free potential energy within the earth and 
that there must be a capacity for rearrangements of mass toward 
distributions of lower energy (assuming no new energy generation and 
no kinematic constraints). A study by Rubincam (1979) indicates 
that the maximum nonhydrostatic gravitational potential energy in 
the mantle and crust is of the same order of magnitude as Kaula' s 
estimate for the minimum shear strain energy. 

RECENT ACCOMPLISHMENTS 

Modified static earth-tide theory was used to determine the interior 
density anomalies. The lateral density variations were expressed in 
spherical harmonics, the parameters which define the anomalies were 
determined by imposing the condition of minim.um strain and non- 
hydrostatic gravitational potential energy in the mantle and crust. 

The solution was constrained to satisfy the external boundary condi- 
tions provided by the gra'’itat iona 1 potential; the sur<"ace topography 
was included in the problem as a loadina sur'^ace density distribuiton . 

The solution of the oroblem required the numerical integration o^ the 
eauations of motion governing the vibration of an clastic body as 
well as the Poisson's equation for the arav'i tat ional potential. The 
static solution was obtained by setting the frequency equal to zero. 
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The transformation of Alterman, et al. (1959) was used to 
obtain a set of six ordinary differential 

oriqinal partial differential equqtions. The set of ordinary 
differential equations was then cast into a transition matrix 
form to facilitate the application of a least-squares minimi- 
Ltion procedure. The elastic and nonhydrostatic gravitational 
potential eneraies were expressed also in matrix form. 


1 • 


The nominal values for the earth's density and elastic para- 
meters were obtained from the M 3 model of Landisman, et 
a965?, ?hese values are given in table form and a cubic spline 
interpilation was used to obtain their values as functions of 
the earth’s radius. The spherical harmonic expansion used for 
the topography is the equivalent rock set given by Balmino,et al, 
(1973). The expansion used for the gravitational potentia is 

the Goddard Earth Model 6 by Lerch, et al. zoLls 

hydrostatic components of the second and fourth degree zonals 

subtracted out. 


The interior density perturbations are determined for three 
separate cases: 


i) minimization of the shear strain energy 

ii) minimization of the gravitational potential energy 

iii) minimization of the sum of the two. 


The density perturbation field was obtained for each degree and 
order Cp S Lgree and order eight. Table 6D-1 gives the global 
energy maqnitudes for each case. 


The surfaces of equal density perturbation evaluated the sur 

face of the earth are shown in figures 6D-1 and 6D-2 for two of 
the cases; figures 6D-3 and 6D-4 present the surfaces of equal 
radial displacement at the earth’s surface; figures 60-5 and 
60-6 show the surfaces of equal density perturbation evaluated 
on an equatorial cross-section of the earth. 


SIGNIFICANCE 


The maqnitudes of the density perturbations and dispacements at 
the surface is larger by about a factor of two for the case of 
minimum shear plus gravitational energy as ^^e mini 

mum shear case. The same result is observed for the density 
anomalies as a function of depth. The minimum gravitational 

potential energy case yields much the 

unrealistically large dispacements. The depth profiles for t 
density perturbation show a stratification with density excesses 
and deficiencies alternating with depth. The minimum total energy 
is obtained when minimizing only the shear strain contribution. 


The results indicate that the addition of the gravitational poten- 
tial energy in t)ie minimization process does not significant y 
alter the lateral density perturbation field, as compared ^ ® , 

results obtained for the minimum shear strain energy case; certai y 
the inability of the mantle to withstand the resulting stresses 

elastically . 
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Table 6D-1 


Global energy magnitudes, units of. 10 


ergs 


DEGREE 


Min. I 

Shear 

Grav. 

Shear 

- 7.912 

0.178 

- 5.966 

0.167 

- 6.020 

0.566 

-13.935 

0.225 

- 1.412 

0.070 

- 0.672 

0.043 

- 0.432 

0.029 

-36.351 

1.281 

-35.070 



Min. (Shear + Grav.) 


, 12 ( 
.23' 
-0.321 
-0.174 
-0.274 


-0.324 


-1..S39 


204.381 


586.165 


1062.685 


719.578 


1249.120 


1307.191 


5223.762 



Grav. 


-27.599 



- 7.443 


- 1.645 


- 3.510 


- 2.623 


-68.130 


-55.108 


Shear 


5.640 


1.120 

1.039 


0.688 


0.062 


2.204 


2.266 


13.021 
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Fiauro 6D-5. Surface? of equal density oerturbation on an 
equatorial cross-section of the earth, 
units of am/cm^. Minimum shear strain enerqy 

case . 
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Fiquro 6D-6 


Surfaces of equal density oerturh^ f i r^r. 

cross-section of the earth Snits^L? !" oquacorial 

shear plus gravitational energy case. ’ 
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STUDIES OF POLAR MOTION AND UNIVERSAL TIME WITH LAGEOS 




by 

D.E. Smith 


OBJECTIVE 

The long-ranqe objective of this analysis is an intercompai ison 
of the rotation of the earth determined by satellite laser 
ranging with the classical and other techniques for improved 
separation of systematic errors from the geophysics. The near- 
term objective is a comparison of Universal Time as determined 
by laser tracking of Lageos and the Bureau de I'Heure (BIH) 
based on the classical astronomical methods. 

BACKGROUND 

A period of 30 months of determ.ination s of Universal Time obtained 
^rom laser tracking of the Iiageos spacecraft have been compared 
with the BIH results. The Lageos values were obtained as part 
of a larae analvsis of the data for many oarameters, includinq 
nolar motion, tracking station coordinates, tidal narameters, a 
solar radiation oressure parameter and an along-track acceleration 
o^ the spacecraft. The method of analysis consisted of determinina 
32 m.onthly orbital arcs ^or Laaeos and simultaneously solvina all 
32 arcs for all the param.eters. The polar motion and Univ'^ersal 
Time (U.T.) were estimated every 5 days after the eooch of each 
set Qf orbital elements. It was imnossiblo to determine a value 
for U.T. at the epoch of the elem;ents in each arc because the 
node of the orbit was being estimated and is inseoarable from time. 
The inicia"' determinations of U.T. Vvore therefore with reference 
to the nodal value of the orbit at the epoch. In order to make 
the Id T . estimate continuous over the 32-roonth oeriod a correction 
was anolied to each value of U.T. corresoonding to the difference 
at the eDoch between the node and the node computed from the 
rjrevious orbital arc. A set of values of U.T. wore finally 
obtained for the 32-month period based on the continuous nodal 
orecossion of a single orbit. 'These values of U.T. were com, pared 
with the published smoothed BIH results for the same dates. 

RECENT ACCOMPLISHMENTS 

In the comparison with BIH a linear trend was removed because it 
re’'n'esen ted an error in the orecession of the Laaeos oroit in 
inertial spare and two periods, 1050 days and 525 days. These 
periods are caused by the and K 2 solid-eirth and ocean tides 
th,at oerturb the Laaeos orbit. These oerieds are not exoected to 
occur in the BIH U.T. values and therefore it is legitimate to 
remove them from, the comparison. Although ti'lal tvirameters wore 
recovered in the analysis of the data, these long period tides 
would not be accounted for in the recovered tidal values. After 
these two tidal t'criod.s and residual slope wore removed, the 
differences between Laaeos and BIH U.T. had definite structure and 
are shown in Fiauro 6E-1. 
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A spectral analysis of the differences shows significant power 
at about 182 days and a small effect near 28 days. No other 
spikes of significance appeared in the spectrum. An attempt 
to remove the peak near 182 days with a single period was un- 
successful and the reason is evident in Figure 6E-1. The ampli- 
tude of the 6-month period seems to have changed dramatically 
during the second half of the data thus preventing a single 
frequency with constant amplitude from satisfying the data. 
Mathematically, the near 6— month power can be absorbed by two 
periods near 182 days, say 180 and 185 days, which combine to 
give a 6-month period with decreasing amplitude. Alternativelv . 
a more geophysically acceptable representation is a single 

6-month period whose amplitude changes significantly around 
day 250. 

SIGNIFICANCE 

The cause of the 6-month period is probably the result of 
systematic error in the BIH data. A 6-month period is not one 
wnich might be expected in the Lageos data unless of geophysical 
origin, but in the BIH the observing methods have a predominantly 
annual and some semi-annual terms arising from seasonal effects 
at the observing stations. 

The other period observed in the comparison is a 28-day period 
with an amplitude of a few hundreds of an arcsecond and is a 
tidal effect in the earth’s rotation. It is detectable in both 
the Lageos data and the raw BIH data but is removed in the process 
itseli-. ^he fact that no other significant periods are detectable 
in the U.T. differences indicates that there are no amplitudes 
larger than about 0.001 milliseconds for periods larger than 
10 days and less than about 500 days. 
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CHAPTER 7 


SEA SURFACE TOPOGRAPHY 
edited by 
J.G. Marsh 


O VERVIEW 

The overall goal of this program is to apply remote sensina data 
to studies of dynamic ocean and Earth processes. The primary 
data types are satellite altimetry data, orbit perturbation data 
and gravity data. These data are analyzed in conjunction with 
surface observations, for example, ocean temperature and density 
measurements. ^ 

Global sets of satellite altimeter data have been collected 
during two satellite missions: The GEOS-3 mission (1975 to 1978) 

and the Seasat mission (1978). 

Research programs are underway in the following areas to analyze 
and interpret the altimeter data: 

o The development and implementation of technigues for 
the calibration and performance evaluation of the 
altimeter systems, 

computation of regional as we) 1 as alobal mean sea 
suriUces which can be used as basic reference surfaces 
^or analyzing dynamic ocean tonography associated with 
ocean circulation. 

o Detailed analyses of the Gulf Stream and the associated 
eddy systems to improve our understanding of near 
surface as well as abyssal circulation. 

o The analyses of orbit evolution data for the computation 
of ocean tidal parameters which are important for studies 
o^ dynamic ocean circulation modeling and for precision 
orbit determination. 

description of those research programs is presented in the 
ol lowing sections. 

Contributors to the sea surface topography work include Robert Cheney, 
.larie Colton, Vince Grano, Theodore Fe 1 sentreger , Ronald Kolenkiewicz 
and James Marsh. 
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A. MEAN SEA SURFACE COMPUTATION USING GEOS- 3 
AND SEASAT ALTIMETER DATA 

by 

J.G. Marsh 


OBJECTIVE 

The objective of this work is to compute a global mean sea surface 
using a combination of satellite altimeter data and precision 
orbital data based upon laser and Unified S-Band observations. 

This surface wall form the basis for dynamical ocean processes 
analyses as well as for analyses of geophysical problems such 
as mantle convection. 

BACKGROUND 

The GEOS-3 radar altimeter experiment conducted during the period 
1975-1978 has provided a homogeneous grid of altimeter data 
over the oceans with a resolution in most areas of a degree or 
better. The precision of these data is on the order of 20 to 30 cm. 
The data set considered in the past year consisted of over 
1.5 X 10^ observations recorded during 1975 and 1976. 

During the time period of July to October 1978 the Seasat radar 
altimeter experiment provided a global set of altimeter data with 
a precision of 10 cm. An 18-day global set of the Seasat data was 
initially preprocessed by the Jet Propulsion Lab and made available 
to the Seasat altiemter/orbit experiment team for evaluation. This 
data set consisted of about 700,000 observations and provided a 
grid spacing of about 1.5° at the equator. 

Techniques and computer programs have been developed and implemented 
for: removing the effects of orbit error from the altimeter data; 

for editing the data; for gridding the data and forming sea surface 
topography maps. 

RECENT ACCOMPLISHMENTS 

The GEOS-3 altimeter data were recorded in the form of short arcs, 
most of which were a few thousand kilometers or less in lenqth. 
Ground-based laser and S-Band tracking data required for precision 
orbit determination were available for only a portion of the 
altimeter data. In order to reference the altimeter data to a 
common center-of-mass reference system, precision orbits were 
computed covering 5-day arcs whenever possible. A total of 45 
5-day reference orbits were ultimately computed using the GEM-lOB 
gravity model. Since orbit error is long wavelength (i.e., once 
per revolution is the dominant frequency) the short altimeter 
passes unsupported by the ground based data could be corrected for 
orbit error through the adjustment of tilts and biases (Marsh, et 
al., 1979a). Due to the large amount of data involved, the earth 
was divide', into 16 regions. The data in each region, except for 
the reference passes, were corrected using the results of the tilt 
and bias solutions and all the data were edited by comparing each 
point to the surface generated by the entire data sot. 
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SIGNIFICANCE 

been developed and utilized fM =°"P j s^ale. The accuracy 
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of the global ^ ^ ^ further improvements are expected as 
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f?orgravity data, it of te^porSl ocean circulation 
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phenomena, .^hese mean sea sur£aces_^^.^^ 
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figure 7A-2 


GEOS-3 ALTIMETER DATA 
APRIL 1975 TO NOV. 1976 
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FIGURE 7A- 
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B. ALTIMETRIC STUDIES OF OCEAN CIRCULATION DYNAMICS 


by 

R.E. Cheney, J.G. Marsh, V. Grano, M. Colton 


OBJECTIVES 

The purpose of this work is to derive ocean circulaticr. informa- 
tion from satellite altimetry. In principle, surface current 
speeds can be measured by combining altimeter data with geoid 
models to reveal dynamic sea surface slopes. While this approach 
has been successful in the Gulf Stream system where a detailed 
geoid model is available (Cheney and Marsh, 1980), such measure- 
ments are not possible elsewhere. Until improved geoids are 
available on a global scale, the major contribution of altimetry 
will be measurement of the time-variable component of flow (the 
eddy field) . Accordingly, such analysis techniques are presently 
beinq developed in the Geodynamics Branch. 

background 

Altimeters have now been flown on two satellites; GEOS-3 
gathered 25 cm data during 1975-78 and Seasat provided 10 cm 
altimeter data for 3 months in 1978. Orbits for these satellites 
were computed with an accuracy of approximately 1.5m. The 
altimeter and orbit data have been combined to compute mean sea 
surfaces for various regions of the world oceans (Marsh, et al., 1980) 
and for the global ocean as a whole (Cheney and Marsh, 1980) . 

These sea heioht maps provide more geodetic than oceanographic 
information, since heights due to ocean currents are two orders 
of maanitude smaller than the static topography due to gravity 
variations. However, the basic techniques involved in these 
computations can bo extended to identify and measure eddy— like 
ocean features. 

RECENT ACCOMPLISHMENTS 

Two geoid- independent techniques are being investigated. Both 
provide quantitative as well as qualitative observations of 
eddy variability. 

I . Crossover Differences 

The point at which any ascending pass intersects any other 
descendinq pass is called a crossover. The time between the two 
intersecting passes can be less than a day or as long as the 
mission duration, 3.5 vears in the case of GEOS-3. At the crossing 
points the geopotential contribution is the same on both tracks, so 
that the discrepancy in height between the two passes can provide a 
measure of the dynamic variability. Orbit error must first be 
removed by adjusting tilts and biases of the individual passes in 
a least squares minimization of the crossover differences. 
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To demonstrate this procedure, crossover difference statistics 
were derived in the western North Atlantic using 425 passes of 
GEOS-3 data taken over 1.5 years. Analysis of the 25,000 cross- 
overs established by these passes clearly reveals the well- 
known energetics of the Gulf Stream system (Fig. 7B-1). The 
largest differences, 45-65 cm, occur in a continuous band along 
the mean axis of the Gulf Stream, and the T.evel of variability 
gradually diminished to less than 25 cm toward the mid— ocean. 

These results are in agreement with similar maps derived from 
standard oceanographic data (Wyrtki, Magaavd, and Hager, 1976; 
Dantzler, 1977) . 

2 . Collinear Tracks 

Altimeter profiles along identical ground tracks contain the same 
oravi tational contributions due to sea surface topography. Time 
variations in sea height due to dynamic phenomena can therefore 
be detected in groups of collinear profiles. During ^he final 
26 days of Seasat the ground tracks were repeated at 3-day intervals. 
A sample of these collinear data in the southwest Indian Ocean is 
shown in Fig. 7B-2. After removal of the mean from each of the 
eight profiles, a large transient is seen near 39°S-37°E, 800 km 
east of the Agulhas Plateau. The disturbance has a horizontal 
scale of 200 km, rms deviation about the mean of 22 cm, and the 
total range of sea surface height variation is 70 cm. This 
undulation is probably due to a migrating eddy, as observations bv 
sate 1 1 i te-t racked drifters have revealed highly energetic vortices 
in this area. 

SIGNIFICANCE 

Altimeter analyses by crossover differences and collinear tracks 
permit in' ostigation of global ocean variability independent of 
geoid knowledge. Orbit error is also not critical since both 
procedures involve orbit adjustment. The techniques are comple- 
mentary in that the crossover approach provides good spatial 
resolution ov'er long times, while collinear data allow synoptic 
observations but on a relatively coarse spatial grid. Together 
they should give a quantitative description of ocean eddy energy 
as well as the mean positions of major deep ocean currents. 

FUTURE EMPHASIS 

We plan to exploit these techniques in all ocean areas using 
existing altimeter data sets. Results should be especially 
important in remote areas such as the Southern Ocean where 
conventional observations are rare. Once the data arc reduced 
to sea height variabilities, statistical analyses should provide 
additional information. For example, calculation of the structure 
function may yield dominant eddy scales. Potential real-time 
applications for NOSS (National Ocean Satellite System) may also 
emerge from these studies. 
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THE SEASAT ALTIMETER HEIGHT CALIBRATION 


by 

R. Kolenkiewicz 


OBJECTIVE 

The objective of the Seasat-Altiineter height calibration effort 
is to obtain an accurate value of the precision of the altimeter 
measurement, the bias in the altimeter measurement after it has 
been subjected to the process of correcting for the instri^ent 
and geophysical effects during the computation of the altimeter 
data tape and the bias in the time tag assigned to the measurement. 
Applications of this information include, e.g., determination o_ 
the semimajor axis of the ellipsoid best approximating the geoid. 


BACKGROUND 


The Seasat A spacecraft was launched from Vandenburg Air Force 
Base on June 26, 1978. Until spacecraft failure on October 10, 
the Seasat altimeter has taken data on several thousand passes. 
In order fo obtain full usage of these data a calibration (or 
height bias determination) of the altimeter is necessary. 


1978 , 


me -'a]idation of the altimeter measurement from the spacecraft 
to the mean sea surface requires situations in which this distance 
can be accurately inferred, independent of the altimeter data 
itself. Effectively, this can be done using satellite passes which 
are nearly overhead at island lasei tracking sites. This technique 
has the advantaae that an accurate a priori knowledge of geoid 
heights is not required. 


In support o^ altimeter height bias calibration, the Seasat orbit 
was adjusted on September 10, 1978, to obtain a repeating (every 
43 revolutions, approximately 3 days) qroundtrack which passes as 
close as possible to the Bermuda laser site. Between September 10 
and the spacecraft power failure on October 10, 1978, there wore 
10 North to South Bermuda overflights with the groundtracks shown 
in Figure 7C-1. All passes were supported by the NASA Spacecra.t 
Tracking and Data Network (STDN) , with ^our passes supported by the 
Bermuda laser. These laser supported passes provide the primary 
information for absolute bias calibration and stability analysis 
of the Seasat Altimeter. The remaining six passes are use.u , ^ 

however, for analvzinq errors in smoothed and extrapolated altimeter 
data across Bermuda. With extensive analysis, these passes could 
also be used to help develop a geoid model in the vicinity of the 
Bermuda laser and thus simplify future altimeter calibration ef orts 


The Seasat altimeter calibration technique is based on GEOS-3 
experience (Martin and Kolenkiewicz, 1980). It consists basical y 
of the use of altimeter passes over Bermuda with laser tracking 
support (for accurate orbit height determination) and altimete . 
tracking, on both sides of Bermuda, which can be extrapolated to 
obtain equivalent sea surface height measurements on the island 
itsel*. The objective is to create an eauivalent altimeter 
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measurement over the laser tracking site which can be related to 
sea surface heights several kilometers away from the island with 
an accuracy compatible with a total calibration error budget of 
7 cm. A bias of this accuracy can then be used to produce 
corrected altimeter data which will have the proverbial 10 cm 
accuracy (Martin, 1977). Available geoid models cannot provide 
the desired accuracy, so it is necessary to use the altimeter data 
itself to provide the water-land extrapolation. No geoid model 
was used *in the calibration analyses discussed below. 

To demonstrate the elements of the overhead calibration technique, 
consider the basic calibration geometry as shown in Figure 7C-2. 
Assuming a pass directly over a laser tracking station with 
continuous laser and altimeter tracking, the measurements directly 
over the tracking station can be used for bias estimation by 
equating the altimeter measurement, corrected to the ellipsoid, with 
the laser measurement also corrected to the ellipsoid. Equating 
the two measurements shown in Figure 7C-2, 


h-b+h^=fh+h =h +h+R (1) 

a t ga gs m 

where 

h = measured altimeter height above the sea 

^ surface corrected for instrumental and 

atmospheric propagation effects and 
spacecraft center of mass off -et. 

b = bias in the altimeter measurement. 


h^ + 'h 


h 


ga 


R 


h 


m 


h 


as 


= tide measurement as determined by the 
tide guage at the time of the altimeter 
pass. This measurement includes non- 
tidal temporal sea surface variations, 

= geoid height at the altimeter subsatellite 
point , 

= measured distance from the laser trackina 
station to the laser corner cube reflectors 
corrected for instrumental and atmospheric 
propagation effects and soacecraft center 
of mass offset, 

- height of the tracking station above mean 

sea level (the geoid) at the tracking station, 

= geoid height at the trackina station. 


The altimeter measurement bias can thus be determined using 
Equation (1), from the expression: 


b=h +h+'h+h~[R+ h + h ] 
at ga gs m 
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The terms in brackets on the right-hand side of Equation (2) 
constitute the ellipsoidal height normally calculated in 
orbit determination programs, while the terms outside the 
brackets aive the ellipsoidal height based on the altimeter 
measurements, a measured tide, and a geoid model. The right- 
hand side is thus the "observed" minus "computed" measurement, 
normally referred to as the measurement residual. The residual 
can be calculated whether the satellite is directly over the 
laser site or not, although only at the direct overhead point 
will the two geoid heights be identical and thus cancel. 

In practice, the altimeter cannot accurately track directly 
over the laser site because of land in the altimeter footprint, 
and the laser does not track directly overhead because its Az-El 
mount cannot follow the hiah azimuth rates in the vicinity of the 
Doint of closest aooroach (PCA) . However, the latter is not a 
problem because an accurate overhead orbit can be estimated 
with a gap in the data around the PCA. 

After deleting measurement points which have been sianif icantly 
influenced by the presence of land in the footprint, the altimeter 
data can be smoothed across Bermuda to obtain extrapolated alti- 
meter residuals at the groundtrack point of closest approach to 
the laser site. These extrapolated residuals can then be used 
along with the laser orbit and various corrections to obtain the 
altimeter heiaht bias. 

RECENT ACCOMPLISHMENTS 

As the altimeter cannot produce sea surface measurements across 
the island, the "residuals" were computed, usina Equation (2), 
for the period when the altimeter was not sianif icantly influenced 
by land and extrapolated across the island. Waveforms for data 
points in the v'icinity of Bermuda were analyzed for all four 
calibration passes. Table 7C-1, to determine any evidence of land 
effects. AGC records for this data were also analyzed as an aid 
in detecting the influence of land in the altimeter footprint, 
although AGC e'^fects on heiaht are only second order. All points 
with anv evidence of land in the waveforms were deleted. Any 
additional points which showed evidence of anomalous height 
behavior near Bermuda were also deleted. The resultina data act, 
shown in Figure 7C-3, with edited points indicated by O's and 
accented measurements indicated by X's can be used to estimate 
aeoid heiahts alona the ground truth across Bermuda for each of 
the four calibration passes. 

There are some simplifications that were made in Equation (2), 
primarily in the h^ term. In practice, this quantity must be 
obtained from the measured altitude data, corrected for propaga- 
tion effects, instrumentation errors, and sea state effects. Most 
of these corrections are at the centimeter or decimeter level. In 
addition, there are a few other corrections to be made due to 
idiosyncrasies of some of the data and/or reductions. 
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The raw smoothed altimeter residuals for a typical Bermuda over- 
flight are shown in Figure 7C-4. The smoothed residuals were 
obtained by using the ALTKAL smoother (Fang and Amann, 1977) . 

The points of closest approach to the laser site are indicated, 
and the residuals at these times are listed in Table 7C-2 as 
the starting point for the bias estimations. If these passes were 
all over the laser site, we would have four different calibration 
values. However, none of them cross directly over the Laser. 
Figure 7C-5 shows the different corrected residuals, plotted as 
a function of distance from the laser site (measured in the 
northwest direction) . Assuming the geoid to be linear along this 
direction, as has been confirmed by GEOS-3 altimeter data (Martin 
and Butler, 1978), a straight line fit has been made to the four 
points in order to estimate the corrected residual at the laser 
site. The best estimate of the intercept with the zero distance 
is 39.90 + 0.07 m. 

One final correction which has not yet been apolied to the alti- 
meter residuals is the effects of acceleration lag. The 
acceleration lag error is Accel/K^. , where = 6.5/sec2. For 

all four passes at the closest approach to laser point, the lag 
correction is aporoximately 7 cm. Addinc this correction and 
the aeoid heiaht at the laser to the residual obtained from 
Fiaure 7C-5 have; 

Residual at laser site 39.90 m 

+ Acceleration laa correction .07 m 

+ Geoid height at laser site -39.97 m 

Bias = 0.00m 

It is thus concluded that if the Seasat altimeter data is 
accurately corrected for propagation effects, and is corrected 
^^or sea state bias with a procedure ecuivalent to the one used 
in the analysis, the appropriate bias for the altimeter 
0.0 ± 0.07 m. Assuming a data noire level of 7 cm, which was 
in fact observed at even the 10/sec data rate ^or all the cali- 
bration passes, the Seasat altimeter is indeed a 10 cm altimeter. 

SIGNIFICANCE 

The absolute bias calibration for the Seasat-A altimeter has been 
measured. This correction can be applied to these data to enable 
investigators to determine important aeophysical parameters. 

r’UTUPE EMPHASIS 

This work has been completed. Results will apoear in a special 
Seasat issue of the Journal of Geophysical Research. 
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7C-1. Groundtracks for Bermuda calibration overflights. 
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TIME RELATIVE TO CLOSEST APPROACH TO L^ER, sec. 

Fla. 7C-4. Altimeter residuals for Seasat pass on September 13. 
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CHAPTER 8 


LAND RESOURCES 
edited by 

C. Lisette Dottavio 


OVERVIEW 

Over the years, man is becoming more aware of the utility and 
importance of land resources such as timber, soils, and wetlands. 

The management and conservation of these resources has become a 
priority to insure their availability in the future. Successful 
management is, in part, dependent upon the acquisition of accurate 
and timely land cover and land use information. Satellite remote 
sensor systems such as the Landsat Multispectral Scanner, are uniquely 
capable of providing this information because of the satellite's 
repetitive and synoptic view of the Earth's surface. Personnel 
within the Land Resources Group of Goddard's Earth Resources 
Branch are dedicated to evaluating and improving remote sensing 
systems and analysis techniques to provide the information required 
for intelligent resource management decisions. 

The Land Resources Group consists of seven quantitative resource 
discipline scientists with remote sensing backgrounds. '^’heir research 
activities include forest disturbance assessment, urban land and forest 
land change detection, applied software development, and improved 
land cover classification studies. The projects represent a diversity 
of land resources applications, yet their results can often be integrated 
to provide a greater understanding of how best to monitor and assess 
resource conditions using remotely sensed data. 

A major research effort underway is coordinated with the AgFISTARE 
Renewable Resource Inventory (RRI) Activities. "’he Land Resources 
Group is developing, and testing image analysis techniques that will 
facilitate the use of remotely sensed data to accurately detect, 
classify, and assess the areal extent and severity of forest 
disturbances. In addition to improving analysis techniques, personnel 
are examining the spectral and spatial properties of numerous forest 
disturbances, and the use of satellite data to detect major changes 
in forest canopy conditions. This AgPIRTARE/^RI research is a product 
of previous research on the use of Landsat to monitor gypsy moth 
defoliation of hardwood forests. Another outgrowth of that work 
is a three year Applications Pilot '^est with the Pennsylvania Department 
of Environmental Resources to demonstrate the technical feasibility 
of conducting automated, annual assessments of insect defoliation of 
hardwood forests using Landsat digital data. 
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i- »*•■! rr=4--i r^ne; are currentlv uiiderway which address urban 

Two other investigations are ^ . ,pug former study will 

land cover and applied software documentation of urban area 

finalize the development, initiated under a previous NASA/ 

reitdentLi^£Leron'?hrJ;iative^dis;'^^^^ 

such as roofs, pavement, trees, and lawn. 

In?ere=tfLfexpl??Ise aval iin“p«orrces®r,rou;!"'’ 

TO facilitate the research ^^ivities, Go^dard^has^access 

^x^nd Vo ihara'’™S?rio;;pl"e SnSLstandina 

seLed data in natural resource management can be obtaine . 
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n^TRCTIOH. CLASSIFICATION AND MEAStmEM.F.NT OF FOR^gT PISTURBA^S 

by 

C.L. Dottavio and D.L. . Williams 


OBJECTIVES 


Branch involves 


.his facilitate the use of remotely sensed data 

detect, 'classify, and assess the areal extent and 
severity of foi-at disturbances and stress condit.ons. 

BACKGROUND 

Por the past --rch h^ 7ult?spect ral 

personnel to deternanOithetfeasiM that have^ 

SeeHefoliated by the WP|V -Jth caterpil|^ar^d« 

harbLf ?eqSsSd t; ofrticipate in'the Aqnl^"ARS/»enewable Pescurces 
Inventory (RRT) research activities. 

under AqElSTARS/Bni Problem Area 4 - ,rf inSludSd 

MeasurGirent of Forest Disturbances. Among these ci-nHv forest 

a Snsoroarameter study, a forest disturbance assessment study, forest 
?hanSrLt?c?Ton technique development, and an advanced change 
nonUorinq system. Durinq the past year, activities 

first two tasks listed. Subsequent research will involve all 

the areas mentioned. 

RECENT ACCOMPLISHMF>’"'S 

ra • e. = in t-he avDSV moth defoliation study had shown 

.rarasSert may midi f? thrlpectral response of various hardwood 

such that healthy vegetation and stresse . veqetatio 
iiiTftii ilasitfviig bindsat MSP data. A oreliminary 

nild investlga'tion was recentlv completed to examine the radiometric 


nrooerties of a hardwood forest as a function ot canopy conditions, 
asoect, time, and date. '^'he study was also desiane . to r. eve. op 
standardized, quantitative ground based technique to calibrat 
Landsat classification results. 

Diffuse radiance measurements were taken using a Mark II Three Bend 
RadiomJte?. The instrument is designed to measure energy in three 
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wavelength regions that correspond to Landsat D's Thematic ^''apper 
bands TM3 (red, 0.63-0.69 vm) , TM4 (reflective infrared, 0.76-0.90 pro) 
and TM5 (middle infrared 1.55-1.75 pm). Radiance was measured by 
holding the radiometer 45 cm above a levelled barium sulfate plate 
located on the forest floor (see Figure 9A-1). The measurements were 
taken under different hardwood forest canopy conditions throughout 
the 1980 summer season and were used in subsequent statistical analyses. 

Pj^eliminary statistical analyses indicate that although percent 
canopy closure accounts for most of the variability in diffuse radiance 
measurements, the remaining variance can be explained by the interaction 
of other environmental variables, such as aspect, time and date o.- 
measurement, and canopy uniformity. The interaction of aspect with 
date and time are particularly significant for the red and reflective 
infrared radiance measurements. These interactive effects are most 
Xikely indicative of effective solar angle, that is, incident radiation 
as a function of topography and zenith angle. A singular effect 
attributed to aspect, as might be expected from orevious gypsy moth 
studies, is not evident. 

Another important observation made during the analyses centers on 
diffuse radiance values for middle ranges of percent canopy closure. 

As the percent of canopy closure decreased, the variability of 
radiance measurements increased. Although a direct correlation between 
the field radiance values and Landsat reflectance values cannot be 
made, the field data gives several indications which are useful to 
future Landsat based studies. For exanple , moderate defoliation 
(30-60% canopy removed) may have such hiah spectral variability that 
the class cannot be identified on Landsat data unless other environmental 
parameters such as topography and zenith angle are considered. 

The general conclusions reached through the results of this project 
are in need of further research and evaluation. Anticipated research 
efforts will involve a second field radiometer study as well as a 
spectral reflectance investigation to begin in the spring of 1931. 

A second study, initiated .during the past year , involves the 
use of ancillary data sucV> as digital topographic terrain data, for 
improved forest canopy condition assessment. Previous investigations 
into the use of Landsat MSS data to identify insect defoliation 
indicated that areas on northwest slopes which were identified on 
ground reference data as light defoliation were classified as moderate 
defoliation using Landsat data. To alleviate this problem. Digital 
Elevation Model "(DEM) topographic data produced by the U.S. Geological 
Survey has been processed to produce a slope orientation classification 
for a study area in central Pennsylvania. The DEM slope classification 
is being superimposed onto corresponding Landsat MSS data which contains 
insect defoliation and onto a Landsat based forest/non-forest mask. 

Using a layered classification approach to separate out forests on 
particular slope classes, the analyst will then classify defoliation 
classes. Results of this activity will bo documented in subsequent 
t'^ports . 
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Fiqure SA-1. Diffuse radiance tneas\ire»nenf s were na-’e in three 

waN/elenqth reqions using a Mark TT-Three Rand *^adiometer. 



SIGNIFICANCE 


Ancillary data sets, such as topographic data, may help to eliminate 
Landsat classification errors due to aspect. However, the fiel'd 
radiometer study indicates that many parameters other than aspect 
effect the radiometric response assoOiated with forest canopy 
conditions. As more research is carried out to identify these 
environmental parameters and compounding interactions, the ability 
to identify and assess forest disturbances and stress conditions 
from satellite altitudes will be greatly improved. 

FUTURE EMPHASIS 

The field radiometer study will be completed and a standardized, 
quantitative, ground-based technique for assessing the density of 
the forest canopy in order to calibrate remotely sensed estimates 
of canopy stress will be developed. In addition, an evaluation of 
(1) Thematic Mapper Simulator data and (2) ancillary information, 
such as digital topographic terrain data, for improved forest canopy 
condition assessment will continue. 

Numerous other research activities will commence under the AgRISTARS 
effort during the next year. Under the sensor parameter study, 
three separate activities are currently underway or in the planning 
stages. These include: 

1. Selection of optimum Thematic Mapper bands suited to identify 
forest disturbances such as defoliation, fire, and clearcutting 

(to begin 11/80) 

2. Determination of the size distribution of various forest 
types and forest disturbances and their relation to instantaneous 
field of view (current activity) 

3. Documentation of classification accuracies as a function 
of resolution element size, for forestry and land resources targets 
having varying levels of spatial complexity (current activity). 

Another major effort, to be initiated, will examine forest change 
phenomenon five acres or larger in size. An advanced forest change 
monitoring system utilizing Landsat digital data and compute '-aided 
analysis techniques will be developed. In addition, on-goin.j research 
activities relative to the development, refinement and evaluation of 
image analysis techniques to detect, monitor, and assess insect 
defoliation of hardwood forests will continue. 

PUBLICATIONS 

Dottavio, C.L., D.L. Williams, B.L. Markham, and M. Labovitz. 1980. 
Sensor Parameter Study: Literature Review and Experimental ^lan. 

A final report prepared for AgRISTARS/Renewab le Resources Inventory, 
Task 4.1. NASA T’echnical Men»orandum TM-82034. 24 pages. 

Dottavio, C.L. 1980. Preliminary Results: Effect of Forest Canopy 

Closure on Incoming Solar Radiance. NASA Technical Memorandum, 
under review. 
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B. MONITORING INSECT DEFO LIATION OF HARDV^OOD FORESTS USING LANDSAT 

by 

R.F. Nelson, C.L. Dottavio and D.L. Williams 


OBJECTIVE 

The defoliation of hardwood forests by insects is a serious problem 
in the northeastern United States. The gypsy moth caterpillar, which 
was introduced to this country during the nineteenth centry, has 
defoliated millions of acres of hardwood forests during the last 
decade. Over the past 10 years, the state of Pennsylvania has attribu*- id 
the loss of $32 million worth of timber resources to this insect. 

Resource manaqers must continually monitor insect movement and damage 
to plan and implement appropriate pest management activities. This 
research effort is designed to develop, test, and evaluate an automated 
system to annually estimate the extent and severity of insect 
defoliation of hardwood fores\ using computer analysis of Landsat 
digital data. 

BACKGROUND 

An ongoing research effort at NASA's Goddard Space Flight Center 
(GSFcj involves the use of Landsat multispectral scanner (MSS) data 
to detect and monitor insect defoliation of hardwood forests. Results 
have shown that defoliation of hardwood forests by the gypsy moth 
caterpillar is more readily identifiable using multitemporal '^ata 
sets which represent forest canopy conditions before and after 
defoliation. The procedure for utilizing multitemporal data sets 
to monitor insect infestation involves obtaining a Landsat image 
of a given area prior to infestation. "’his image is classified 
using computer-aided analysis techniques to identify the extent 
of forest cover versus non-forest cover. A second image over the 
same area is obtained after insect damage has occurred and is then 
digitally overlain onto the forest/non-forest classification map 
derived from the previous image. By following this procedure, 
forested areas can be isolated on the image exhibiting insect 
defoliation and subsequent analysis can be excluded to those areas 
only . 

Throughout these activities, the Pennsylvania Division of Forest 
Pest Management, Bureau of Forestry, has been Informally cooperating 
with Goddard by providing ground truth information and field 
expertise. Their interest in the gypsy moth project has lead 
to the initiation of a throe year Applications Pilot '^est (APm) 
project. The objective of the APT’ is to develop and transfer remote 
sensing technology to the Pennsylvania agenc’/ so they can conduct 
annual surveys of defoliation damage using Landsat ns.b data. The 
project is divided into three phases: an initial test phase in which 

the survey techniques will be identified, and developed; a quasi- 
operational phase in which a I.andsat data base will be created for the 
state of Pennsylvania; and finally a technology transfer phase. 
report will describe the results of the initial test phase. 
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RECENT ACCOMPLISHMENTS 

Intrinsic to monitoring forest cover conditions is the determination 
of the best time to observe changes in the forest canopy. A study 
was undertaken to determine the temporal window within which the 
extent and severity of gypsy moth defoliation could be monitored using 
Landsat data. Subsections of six relatively cloud-free Landsat scenes 
were obtained during the summer of 1977 over Williamsport, Pennsylvania. 
The subscenes, which spanned 73 days between May 22 and August 2, 
were examined to determine the nature and magnitude of the spectral 
reflectance changes in healthy and defoliated forest over time. Stu ,y 
areas were located in healthy, moderately defoliated, and heavily 
defoliated hardwood <"orest and their mean reflectances and variances 
computed. This information was used to determine the separability of 
the defoliated and non-de foliated areas throughout the summer. Results 
indicated that (1) defoliated areas are most readily distinguished in 
late June; and (2) a two month window (from early June to late oUly) 
exists within which Landsat data is suitable for assessment of gypsy 
moth related damage. Consequently, the effects of insect -damage can 
be assessed at times other than peak defoliation, allowing greater 
flexibility in the acquisition of cloud-free Landsat imagery for 
damage assessment. It should be noted that the date of peak defoliation, 
as well as the length of the available window for damage assessment, 
may vary from year to year due to environmental influences on biological 

deve lopment . 

Another goal of the APT is to find a reliable, method for classifving 
defoliated forest. Previous work had shown that certain non-foreste^ 
land cover types were often confused with defoliated forest. In order 
to avoid these errors, a forest non-forest mask was generated using 
a non-de foli ated Landsat data set. The mask is created using a single 
class, two channel, Hayesian procedure to classify the Landsat 
data, which is then density sliced to produce the final forest 
classification. After the forest mask was created, the defoliated 
Landsat data set was overlain onto the classification and insect 
damage assessment began in the isolated forested areas. Landsat data 
covering defoliated forest wore used to investigate four methods of 
classifying forest defoliation to determine which provided the most 
satisfactory results. 


A 12,900 hectare area north of ’’arrisburg, Pennsylvania, was classified 
usina a supervised classi f ication approach (P.av’es), a band "’/band 1 
ratio approach (RVT) , a second ratio approach using the transformed 
Vegetative Index (TVI), and a band. 4, 5, and 6 polynomial transformation 

approach devised by the Calspan Corporation (Calspan) . tbe n,atio 
Transformed Vegetation Indices relate the T.andsat spectral 


and 

measurements to 
leaf biomass. 


various ve'tetation ('onsits’ ind.icators suen as oreen 


A software package called. ,ASdFSS2 was used to investigate which of 
the four classification approaclies most effectively delineated the 
qypsy noth defoliation. t*-,e results of the four classifications 


were compared to a "around tr»n-h" i™, 

and intuitiiS?y®reasoLb?J r?nuJ!’'’”^2’',?i°anr?vf ® '"°®‘ 

accuracy, but did poorly in clas«!i fvi ^ Per-nixel classification 
The very low classification accuracie^^<^''^° erately defoliated areas, 
suggest problems with the photointerpretation approaches 

ground reference data. The around o’-" used as 

to determine if revisions are necessSr?!"^"^® evaluated 

SIGNIFICANCE 

A timely, accurate survev technimio -i ^ k • 

damage assessment. Current pest survov tor forest insect 

aerial surveillance, ground surveinlnL o include 

not meet the criteria needed for a stand^r-d"^^ aerial photography, do 
effective monitoring procedure The ren^^t- • and cost 

provided by Landsat^ plus the simole and synoptic coverage 

under this APT, ma'« ^h^satelLte "^-eJoped 

e lum for monitorinq widespread insect damLe over laMrareL^"'"''®^ 

de?oUatlrLeIs'1ndr'catrth'at%\Jsrs^'m^ ‘''"‘=“«tely identify 

made to identify healthy forestct ' ,h fh f "modifications can be 

non-lorest mast^echniSL ?^creLerdeS\'iat"'=“''r''- 
accuracy. Finally, identification or 5?^ " olassification 

damage assessment will provide greater^^fTe^^h^?^^^ window for insect 
Cloud free imagery for defoli:tion aLessme^t acquisition of 

future emphasis 


Evaluatio 
continued 
applicati 
Eoddard w 
most roce 
of the on 
create a 
i 1 1 ovo r 
base and 
foresters 
s t atov,' i de 


n of the Vegetation Index cla=:c:if,- .p,*-- 
and the best aporoach will be' ^ethods will be 

ons. In additii,;,, APT PhLe n 

ill acquire imaaerv anc .. activities will commence. 

nt, nondefoliated,^and rola^i^o 

tire state of Pennsylvania.^ Those dat^ wil? coverage 

fo rost/non- forest data base for 

see the generation of a digital Iv state. Personnel 

oat a management s vs tern for the ont i ^iced Landsat data 
will then bo able truti[iz tMs Pennsylvania 

defoliation assessment^ ^unual 
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TABLE 8B-1. 


VEGETATIVE INDEX RATIOS 


Ratio Vegetative Index (RVI) 
Difference Vegetation Index (DVI) 
Transformed Vegetative Index (TVI) 

Green Vegetation Index (GVI) 

Perpendicular Vegetative Index 
(PVI) 


Linear Vegetative Index (LVI) 


MSS7/MSS5 

2.4 X MSS7 - MSS5 

MSS 7 - MSS5 . ^ ^ 

MSS7 4 - MSS5 

-0.29 X MSS4 - 0.56 X MSS5 + 

0.60 X MSS6 + 0.49 X MSS7 

(SOILS - MSS5)^ + (S01L7 - MSS7) ^ 

Where 

SOILS = 0.35 X MSS5 + 0.35 X MSS7 

SOIL7 = 0.35 X MSS5 + 0.15 X MSS7 

-2.59 X MSS4 - 7.28 X MSS5 + 0.R8 

X MSS6 + 3.59 X MSS7 


C. SURFACE MINE MONITORING 
by 


J. R. Irons 


OBJECTIVE 


A study was conducted to quantitatively compare the utility of several 
remote sensing systems for the inventory and monitoring of coal 
surface mines in the Eastern United States. '^he study addressed 
the impact of spectral and spatial resolution improvements manned 
for future spaceborne sensors. 

BACKGROUND 


The study was conducted in cooperation with the Environmental 
Monitoring and Support Laboratory /Las Vegas of the Environmental 
Protection Agency (ERA). The ERA was interested in efficient and 
ccurate procedures for surface mine inventory and monitoring. 

Remotely sensed data were acquired over three Rennsylvania studv 
areas during the ^al 1 of 1978 and the <^pring of 19 79. -he data^were 
ODtainer,. from the following sensors: the Landsat-2 '^ult ispectral 

Scanner Subsystem (MSS) ; an airborne Thematic Mapper Simulator 
multispectral scanner; and a high altitude aerial photograohic 
system ( id-Hee rbrugg P.C-in cameras carried aboard NASA's"'^-? 

located within the ''ain Bituminous 
Coal Field of the Appalachian Plateau. -he areas consisted mainly 
of forest and agricultural land which had been extensivelv 
-laturbed by surface mining, twenty 150-hectare mine sites located 
witnin tne three areas were selected for intensive study. -he sites 
provided a comprehensive cross-section of active, reclaimed, and 
a an .oned mines. A hierarchical classification scheme was developed 
for the thematic mapping of the study areas. -he scheme emphasized 
land cover categories which were useful for the assessment of 
mine reclamation and which were amenable to recognition through the 
analysis of multispectral scanner data. 

the digital data from each of the multispectral 
scanners were preprocessed to reduce geometric distortions. -he -M 9 
data v;ere also resampled to simulate data acquired at the 10 meter 
resolution planned for the Thematic Mapper. -hematic m.ans were then 
generated via the digital analyses of each preprocessed eata set. 

I e areal extent of each land cover category within the IBO-hectare 

automated counting of the number of 
pixels classified into each category. 

The high-altitude color and color infrared aerial photographs were 

of 1:12,000 and manually photointern reted. For 
planinetering^'"' category was determined, by 

The accuracy of the area measurements were assessed by a Quantitative 

reference data consisted 

o. low altitude, photointerpreted , color and color infrared aerial 
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1Q7P ^or each mine site 

photointerpretation was field chec 


ri^cent accomplishments 


The °>’ 3 ectlves^ methods^ ana International Pynpoisum 

i"„ pertrLSitr, ra^invi—^ 

oroceedings. The reported "derived fron. the different 

compares the accuracy of area estimates 

data sets. 

SIGNIFICANCE 

^Although Landsat MSS data proved 8C-] could not 

surfacl mines, the P’f ^tai«l tnalysis of MtS data, 

be consistently recognize . ii ?tv of land cover found within 

i-hose categories represent the i'®”, „ for the effective 

mines, and ^is detailed information is re^ nn.g, 

monitoring of mine operation and ratelv mensurated 

rte arearextent of these categories launch of the 

using simulated "hematic flaoper data hus fti of snace- 

rcgufr^rro^lfs^ioer^itr^rnur?:^^ 

pr ] p r, LMP H A SIS 

Additional diaitaip-ita have been aeguired 

the Seasat Synthetic Aperature Ec ^ T-be data were 

airborne, -dul.ay-Uispectral of data for the 


; r a t a , 


acquired in the Soring o- an evee^ lent oooortunity for 

rr^hrr''?ei:arch"'L:r?Lyotential utUitv o 

Sut’G^S ^:^J;r?n:ro re^rtyrcrwiH depend on the 
funding situation. 


A more riaorous evaluation of 
PiaDper data will be the first 

" the TMS -^ata 


P ren rocess inq 


the potential utility of Thematic 
prioritv. Additional radiometric 
will be' consif^ere^ to more closely 


ta expected from the -'hematic 


"apper. Alternate 
t*^e ""’E data 



portion 
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D. ..mh roVEB 

CPMCQR SPATT ^T. resolution 

by 

, R r, Townshend* and 'I.I.. Lahovita 

B.L. Markham, 

OBJECTIVE? understandinq 

nhis studv Is to provl a an avsten affects 

The objecti'-e o- ' , a satellite senso ^ a* from the sensor 

how the spatial r ^ ^ classifications dji resolution 

the accuracy of 1®"® be used to ®P*^eUite svstems. 

data. This future land observinq satellite , 

desiqn rocommeru^ations 

BACKGROONn counteracti na 

a review of orevious studies indicates tha ^ accuracies .as a 

A reMC. ^er-cixel inuaqe first factor 

factors ariocti q i on ('^ownsheru’ 1'^'^ >• . qnectral response 

function of .^-faeaev variations i" >;^4/'.="ations 

involves the hica aliases', called scene at hiah spatial 

of some land covet -mees of traininq stattsr. phis 

tend to increase t n;ore\over lap between 

resolutions .aus- classifica^on accura^^ , 

results resolutions els associate 1 v-^ith 

th^^Mu^er^ercentane o^ bou^ ^-^er resolutions 

coarser resolutions ^The^ accuracies. 

produce bettor c t. ^ noise and boundaries 

oarch on the combined eftects conflictina results. 

on'?l.Bsification^accu^ the differonco 

?n?o?nar?;'a?rcterl^^ Sltua^ionrare^eina^e^^^^ 

"9r i trr;put 

order to provide -i p,"\c so.ati.al resolution, 

of cl.assification aceur.aci 

nrcr.N- Aa'oi'ri.id'ivrNT? 

-wo =vr-'d®®;’>:c®pr;ir;o"'aecu:-ai-''rnto;^^ 

— ’e'oUi:nVraupro " 

scanner lata wPit . ^noorct i c.al , usinc a uriv..in^ 


‘he 


c;cannor Kita vbic^. usina a ariv*.in 

second approach is "P ® / '^^"^esrand a di ntisC Ian 
to simulate the scanning iiocv. 

V-.hnt the cround scene. 

’'''' r af aircraft mult i sveot ral scanner 

For the emvirieal stud, 
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data were collected at a nominal 5 meters resolution. Modular 
Multispectral Scanner (M^s) Data in eleven channels were collected 

on April 11, 1980 and Thematic Mapper Simulator Data were collected 
on August 27, 1930. 

Target areas were the same for both flights, consisting of three 
flightlines of marsh, agricultural, forest and urbanized land in 
eastern Maryland. Digital data for the April flight was received 

on June 30, 1980. Data from the August flights has not yet been 
received. ^ 


A spatial resolution degradation filter developed by Sadowski and 
Sarno (1976) was used to create data sets with 10, 20, 40 and 80 
meter resolutions for the April data. Statistics were generated 
at each resolution level for the same training areas of various land 
cover types. A maximum likelihood decision rule was used to 
classify the degraded images. 


Land cover data has been interpreted for one test area consistina 
of predominantly salt marsh and water from aerial photographs imaged 
simultaneously with the scanner. The land-water boundary was 
digitized, registered to the scanner data and gridded 3 2.5 meters 
resolution. Two images of the photointerpreted data were generated; 

^ image with "I's" in pixels containing a boundary and 

(2) an image where each grid cell (pixel) contained a number 
corresponaing to the dominant land use type (i.e., land or water) 
in that cell. The first image was used to determine the number of 
boundary pixels at each resolution level. The second image was 
compared pixel by pixel with the classified images to determine 

classification accuracies. This image was also combined with 

determine pure (non-boundary) pixel classification 

Lir/aC 1 0 S • 


For the one test site completed, scene noise was relatively low. For 
t e water training class, no change in variance was apparent with 
changing resolution (Fig. 8D-1) . The salt marsh trainLg class showed 
a moderate cecrease in variance with resolution degradation. As 
expected, in this case with low scene noise and relatively distinct 
spectral signatures of the two classes, class! fication accuracies of 

at all spatial resolutions, increasing only 
30 meters (Figure 8D-3). Boundary pixels were important 
n this area (Figure 8D-2). As a result, boundary effects dominated 
resulting in improved overall classification accuracies with improved 
spatial resolution (Figure 8D-3). 

In the theoretical study, the major accomplishments have been the 
development of a sophisticated gridding algorithm and the digitizing 

gridding algorithm takes 

a digitized cover map and calculates the area of intersection of each 
grid cell with the land cover polygons, essentially simulating a 
scanner's operation. It generates frequency histograms of percentage 
area of intersection of grid cells and target types. This can be done 
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for different sizes and shapes of cells and thus enables evaluation 
of the boundary pixel problem, e.g. , one can examine the number 
of pure pixels, 90% pure pixies, etc. at many resolution levels. 

Two data sets, covering wetland areas (one inland, one coastal) 
have been digitized and edited and are ready to be run tnrough 
the gridding algorithm. 

SIGNIFICANCE 

This study is currently in the data analysis stage with only preliminary 
results available. The empirical results for the one test site 
completed indicate that continued improvement in digital classification 
accuracy is possible with increasing resolution (to 5m). Although 
intuitively plausible, similar results have rarely been shown to 
occur with actual data. A significant achievement of this effort is 
that two procedures have been developed and tested for evaluating 
classification accuracy with varying spatial resolution, laying the 
foundation for continued research. 

FUTURE EMPHASIS 

Wor)< is continuing on both aspects of this study. A minimum of 
two data sets which are more complex than the initial wetland site^ 
will be evaluated under the empirical approach. Under the theoretical 
study, the already digitized wetland data will be analyzed with the 
existing algorithm. For both studies, the targets evaluated will be 
shifted more towards the forestry discipline. In particular, gypsy 
moth and spruce budworm damage will be examined with the theoretical 
approach, pending the availability of suitable data. In addition, 
refinements of the gridding algorithm may be instituted to allow f 

evaluation of the scene noise problem. 


REFERENCES 


Sadowski, F. and J. Sarno. 1976. "Forest Classification Accuracy 
as Influenced by Multispectr al Scanner Spatial Resolution". 
Environmental Research Institute of Michigan, Report 109600-71-F, 
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PURE PIXELS (PERCENTAGE) STANDARD DEVIATION (COUNTS) 





CLASSIFICATION ACCURACY 
(PERCENTAGE) 




THE CENSUS BUREAU/MASA URBANIZED AREA APPLICATION PILOT TEST 


by 

D. L. Ton 


OBJECTIVES 

The overall objective of this Applications Pilot Test (APT) is to 
develop and evaluate remote sensing techniques to delineate and 
periodically update urbanized area boundaries in the United States. 
The primary objective is to develop procedures using Landsat MSS data 
for accurately detecting changes from non-urban to urban land cover. 
Other objectives include: (1) assessment of the cost-effectiveness, 

accuracy, timeliness and increased capability of using Landsat 
technology operationally, (2) training of Census Bureau personnel, 
and (3) evaluation of sensor payloads in addition to Landsat MSS, 
including the proposed Space Shuttle Payload, Landsat Thematic Mapper 
simulator data and Seasat Synthetic Aperture Radar data. 

BACKGROUND 


The Census Bureau/NASA Urbanized Area Application Pilot 'T’est 
is concluding its fourth and last year of a program to develop 
procedures utilizing satellite data for the Urbanized Area Boundary 
Program at the Census Bureau. The specific approach utilized in the 
APT has been to evaluate the use of satellite data to replace or enhance 
the use of aerial photography and ground site visits for" the preliminary 
delineation of urbanized areas occurring within the approximately 
300 Standard Metropolitan Statistical Areas. Initial work in the APT 
successfully demonstrated the utility of digitally processed Landsat 
enhancements and classifications in the delineation of urbanized areas. 
In another approach, multi temporal Landsat imagery were used to detect 
changes in urban expansion. As a result of an evaluation by Census 
Bureau geographers, they recommended that change detection procedures 
be the primary ar^a for further development. Hence, the emphasis for 
the last year has been to develop cost-effective and accurate procedures 
to detect non-urban to urban land cover change. Due to budget" cutbacks 
however, these procedures will not be evaluated for Census Bureau 
applications in Fiscal Year 1981. 

RECENT ACCOMPLISHMENT? 


Of the va 
data, an 
for detec 
two Lands 
from the 
MSS band 
provided 
preproces 


rious change detection procedures evaluated using Landsat MSS 
image differencing" approach provided the hiahest accuracies 
ting urban expansion (see Table 3E-1). amroac^ utiMzes 

at scenes, where radiance values from one date are subtracted 
corresponding location of the second date. Typically, Landsat 
5 (.60-. 70 i.m) , the vegetative cover discrimination band, 
the overall highest accuracies. An evaluation of various 
sing methods to improve accuracies for an image differencing 
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change detection analysis indicated that overall accuracies were 
generally reduced. These inethods included a principal cornponent 
t rans formation r low and high pass filter, and data normalization 
procedures. An analysis of the optimum time of year tcp conduct 
change detection has indicated that the entire vegetative season 
is adequate for change detection analysis. Wide temporal differences 
between Landsat scenes used in change detection (i.e., non-anniversary 
dates), however, also resulted in changes occurring from differences 
in solar elevations and phenology' as well as to land cover changes. 

Because Landsat MSS data was the only digital remote sensing data 
routinely available for urbanzied area evaluation, nearly all of the 
analysis procedures were completed using Landsat MSS data. However, 
because of the potential of other remote sensing systems to meet 
Census Bureau geographer goals, other system payload were examined. 

This included: (1) the Landsat-D payload, (2) the Space Shuttle 

payload, and (3) the Seasat Synthetic Aperature Radar. Preliminary 
analyses have indicated that all of these sensor systems provide 
capabilities for use in urban area delineation. 

SIGNIFICANCE 

By effectively developing and evaluating procedures to delineate 
urbanized areas, it is possible to upgrade procedures in the uioanized 
area boundary program at the Census Bureau. This work is also 
advancing the state of the art in change detection methodology. 

FUTURE EMPHASIS 

Because of budget cut-backs there will not be a cost-benefit analysis 
or a transfer of technology during FY81. Emphasis will be placed on 
the analysis and documentation of change detection work completed 
during FY80 . 

REFERENCES 

Computer Sciences Corporation. 1980. "Change Detection Methodology 
for Urbanized Areas", Technical Memorandum in Preparation, Silver 
Spring, MD. 

Friedman, S.Z. and R.K. Fretz. 1980. "Evaluating the Utility of _ 

Remote Sensing Techniques through the Analysis of Regional Variation 
of G-^oqraphic Phenomena", IEEE Workshop on Picture Data Description 
and Management, Pacific Grove, CA. 

General Electric Company. 1980. A Review of the Capabilities of 

the Proposed Shuttle Payload for Monitoring Urban Expansion, NAS5- 
25707, Beltsville, MD. 

General Electric Company. 1980. "Change Detection Method Development, 
Census Urban Area Application Pilot Test", NAS5-25707, Mod. No. 2, 
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Non-Urban to Urban 
Change Detection 
Overall Change Accuracy 

^®t6ction (1-Omission Error) Commission 

Description Accuracy (%) |[%j Error (%) 

Richmond 


MSS band 4 differencing 

91 

54 

6 

MSS band 5 differencing 

89 

76 

9 

MSS band 6 differencing 

85 

61 

13 

MSS band 7 differencing 

81 

33 

14 

MSS band 5 low 
passed differencing 

88 

69 

9 

MSS band 5 high 
passed differencing 

86 

68 

12 

principal component 
transformation prior 
to differencing (first 
component) 

87 

50 

9 

principal component 
transformation prior 
to differencing (second 
component ) 

87 

55 

9 

post-classification 

comparison 

87 

69 

10 

Denver 




MSS band 4 differencing 

79 

63 

14 

MSS band 5 differencing 

85 

61 

6 

MSS band 6 differencing 

83 

61 

10 

MSS band 7 differencing 

71 

70 

28 

principal component 
transformation prior to 
differencing (first 
component) 

78 

56 

16 

principal component 
transformation prior 
to differencing (second 
component ) 

79 

48 

11 

post-classification 

comparison 

69 

61 

23 

Table 8E-1. Summary of 

change detection 

accuracies/errors 
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F. CLASSIFICATION OF HIGH RESOLUTION REMOTELY SENSED DATA 


VIA COMPONENT FREQUENCY ANALYSIS 

by 

S. W. Wharton 


OBJECTIVES 

The objective of this study was to: (1) demonstrate the need for 

classification procedures designed to process high spatial resolution 
remotely sensed data; and (2) develop an alternative classification 
method to classify informational classes such as industrial, commercial, 
or residential, based on the relative distribution of image components 
such as roofs, pavement, trees, lawn, etc. surrounding each picture 
element (pixel), 

BACKGROUND 

The spatial resolution of rem.otely sensed data determines the number 
and type of informational classes which can be identified using 
computer assisted classification methods. For example, Landsat data 
gathered over can urban residential area at. 8C m resolution could 
allow broad information classes (i.e., land) such as industrial, 
commercical, residential, etc. to be extracted by direct analysis. 
However, imagery gathered by an aircraft sensor at a 7 m resolution 
would contciin data representing separate individual cover types, 
including roofs, paved surfaces, lawns, trees, etc. These 
constituent subclasses make up the 80 m informational classes. 

Class! f ication procedures which have been primarily designed to 
process Landsat or similar resolution data, tacitly assume that 
all of the informational target classes can be mapped by a simple, 
direct analysis. These procedures may not be effective in classifying 
land use with high resolution data. 

An alternative classi f ication method was developed for high spatial 
resolution data using color infrared aerial photography and Linear 
Array Pushbroom Radiometer (LAPP.) (7.2 n resolution) data collected 
over Laurel, Maryland in June 1979. '^’he study area is characteristic 

of comm.unities undergoing residential expansion anJ. industrial 
development in the Ra It i more- Washington metropolitan area and contains 
,-i nu.rber of land cover types amenable to this type of analysis. 

R!a.'FNT ACCOMPL rSHMFNTf 

Us i nr? ^’isaal .nnalvsis of the aerial photography, the sturly area 
was sec?mctito.l into four broad croups renresentinn various aggregates 
of category subtypes, namely, low density single unit dwelling 
rrsicential (Type I)r high density single unit dwelling residential 
(Typr‘ TT); m.ultiunit dwelling apartment complex (Typo III); and 
i nd?;st i i a 1 /com.;;ic rc i a 1 (Type IV). The major distinguishable cover 
subtypes were roofs UR), paved areas (P) , trees (T) , and lawn or 
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field (L) . Other less heterogeneous categories such as forests, 
brushland and open fields could not be divided into cover subtypes. 

An estimate (Table 8F-1) was made of the areal proportion of the category 
subtypes within each broad category by repetitively counting the 
number of dots within each subtype on a grid covering the aerial 
photography. 

Based upon these results, it was concluded that conventional classifiers 

could not classify land use with high resolution imagery. Three 

classification methods including a parallelepiped classifier on 

the GE Image-100, an ESOCLS cluster analysis program on the HP3000 

IDIMS image analysis system, and a supervised training approach 

using the IDIMS maximum likelihood classifier were applied 

to the LAPR imagery. These classifiers were unable to distinguish 

the four bread categories; rauher they categorized the image into 

subcover types. 

An alternative approach to classify land use was developed which 
consisted of two stages, namely: (1) derivation of sub-category 

signatures by grouping data with similar spectral responses (cluster 
analysis) and production of a classification map; and (2) identification 
of informational categories by analysis of the relative distribution of 
s ub— categories within the classified image. Existing cluster analysis 
procedures were used for the first stage. Research emphasis was placed 
upon the development of methods to analyze spatial distributions. 

A series of six programs was developed, using the Pennsylvania State 
University computer system. The category distribution (CDIST) program 
computes the relative distribution of categories within selected 
neighborhoods (windows) around each pixel. The remaining programs \ 

are used to cluster the data output from CDIST and to produce a 
classification map of the clustered data. 

The programs were tested using randomly generated synthetic data 
which were developed to simulate the four broad categories found in 
the Laurel imagery. The data were then processed using various window 
sizes, noting the accuracy in discriminating between the four blocks 
in each case (Table 8F-1). A window is the area centered about each 
pixel from which the frequency distribution is computed. It is 
obvious that the szialler sized windows (5 by 5 or less) do not 
contain enough pixels to reliably sample the sub-category distributions. 

As expected, the accuracy increases with increased window size since 
the frequency distributions are estimated from a larger number of 
samples. These results demonstrate that the component frequency 
analysis is a useful methodology for classifyina high resolution data. 

S IG\’IFICANCE 

Existing classification procedures are not effective in extracting 
informational categories from high resolution data such as 7.2 m 
resolution Linear Array Pushbroom Radiometer data. An alternative 
approach is needed to fully utilize high resolution data from the 



30 m resolution Thematic Mapper and from multilinear array sensors 
which are currently under development. '^’his research will 
facilitate the acceptance and utilization of high resolution data 
in the user community by demonstrating that conventional informational 
classes (such as land use) can be extracted from the data. 

FUTURE EMPHASIS 

Further work is needed to test the new procedure’s accuracy in 
processing real data, and to determine optimal program parameters 
for its use. Land use maps derived from low (80 mj and high (7 m) 
resolution will be compared for accuracy and m.apping detail. The 
7 m data will be degraded to simulate various lower resolutions to 
determine the resolution at which land use classes are divided into 
image components. 
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Table 3F-1. Percentage of category subtypes listed by category 
(p = pavement, R = residential, L = lawns, T = trees) 


Land Use Category , 

P 

R 

L 

T 

Multi-unit dwelling 

I 

36 

27 

19 

18 

ginc]le unit dwelling (low density) 

19 

18 

33 

30 

Single unit dwelling (high density) 

o n 

28 

17 

33 

Industrial/Commercial 

5 3 

41 

6 

0 


Tabic 8F-2. C lass i f i cat i on accuracies from test data 
various sized windows. 


I 

VJindow Size (oixol) , 

3x3 

"’x7 

11x11 

13x15 23x25 

Accuracy (i) 

47 

7"’ 85 90 

0 3 

0 4 9 4 
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Chapter 9 

REMOTE SENSING OF VEGETATION AND SOILS 
edited by 
C. J. Tucker 


OVERVIEW 

Remote sensing studies of vegetation and soils in the optical and 
thermal regions of the spectrum are directed in the Earth Resources 
Branch toward the objective of using these methods to monitor 
natural resources and terrestrial vegetation in particular. The 
importance of these research activities lies in the ability to use 
remote sensing techniques to assess vegetation condition, vegetation 
type, crop yield, total dry matter accumulation, episodes of plant 
stress, and related inferences. With the growing pressures on the 
terrestrial biosphere which have resulted from population and 
development pressures, various orbital remote sensing techniques 
offer a unique synotpic perspective for the inventory and assessment 
of the terrestrial plant biomass or phytomass. However, in order 
to utilize remotely sensed data from earth resources satellites, 
controlled ground-based studies are necessary to understand the 
many variables which influence and/or control the interaction of 
electromagnetic energy with terrestrial vegetation. This undeptanding 
maximizes our remotely sensed information and leads to the optimization 
of future satellite sensor systems. 

The various studies presented in this section cover research which 
is grouped into four major sections: studies on agronomic variables 

and spectral response; bidirectional reflectance/radiance studies; 
topographic effect studies; and the development of new instrumentation 
necessary for ground-based remote sensing studies. Studies such 
as those described herein contribute to a greater understanding of 
spectral data collected by earth resources satellites from vegetated 
targets. The importance of this understanding for inventory and 
assessment of the environment needs no emphasis when one considers 
the unique and fragile nature of the terrestrial phytomass and the 
dependence of this planet’s human population upon it for food, 
fiber, and a climate which can support life as we know it. 
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TEMPORAL RELATIONSHIPS BETWEEN SPECTRAL RESPONSE 


AND AGRONOMIC VARIABLES OF A CORN CANOPY 


by 

D.S. Kimes, B.L. Markham, C.J. Tucker and J.E. McMurtrey III 
OBJECTIVES 

The objective of this study was to document relationships between 
agronomic variables of a corn canopy and the spectral response 
of the canopy in thema-cic mapper bands TM3 (0.6 3-0.69 um) , TM4 
(0.76-0.90 .m) , and TM5 (1.55-1.75 um) . 

BACKGROUND 

A field (approx. 0.9 ha) of well-drained Elkton silt loam soil located 
on the USDA Beltsville Agricultural Research Center was selected for 
this study. Corn ( Ze a mays L.) was planted on May 12, 1979 . A total 
of 43 randomly selected plots were measured during the growing season 
from June 15 through October 3, 1979 at approximately six day 
intervals. Table 1 presents the dates and the number of samples for 
each date along with the corresponding plotting symbols used in the 
figure of this paper. 

The spectral radiances from these plots l.Sm in diam.eter were 
measured using a three band radiometer elevated 3.7m above the 
ground. "^he three spectral bands used corresponded to NASA's 
Landsat-D thematic manner bands TM3 (0.6 3-0.69 .m) , TM4 (0.76-0.90 .m) , 

and TM5 (1.55-1.75 -..m) . Each plot was destructively sampled and 
the following agronomic variables were measured; wet and dry total 
biomass, plant height, fraction of ground cover by plants, wet and 
dry green leaf biomass, green leaf area index, fraction of leaf 
chlorosis, and total plant water content. Ratio combinations of 
the spectral data were correlated with the agronomic data. 

RECENT ACCOMPLISHMENTS 

Significant relationships were found between ratio combinations of the 
radiance data and the wet and dry total biomass, plant height, 
fraction of ground covered by plants, wet and dry green leaf biomass, 
green leaf area index, fraction of leaf chlorosis, and total olant 
water content. Fiqure 9.A-1 an’ TaVile ^A-1 show cxcellenf re '' at i onsh ins 
between the normalized difference of TM bands 3 and 4 lMh34 = (TM4- 

TM3) / (T.M4 + TM 3) ] and the green leaf area index. Some of these 
relationships were found to be redundant since several of the agronomic 
variables were highly correlated to one another by physiological 
and anatomical principles. For example, the linear correlation 
coefficient between the green leaf area index and green leaf biomass 
was 0.99. In ad.dition, the TM5 band did not provide any marked 


improvement in the relationships to the agronomic variables. 

The conclusions of the study were as follows. 

1. Under conditions of no plant water stress, band TM3 and 
TM5 (1.55-1.75 um) were highly correlated with a correlation 
coefficient (r) of 0 . 97 , thus making these 2 ban is redundant, for 
these conditions. 

2. The green leaf area or green leaf biomass were found 
to be the most highly correlated agronomic variables with the 
spectral data. Estimated canopy cover was found to be substantiallv 
less correlated with the spectral data than were the green LAI 

or green leaf biomass. 

3. Green leaf biomass determinations were highly correlated 
to the green leaf area index. Green leaf biomass measurements are 
suggested for future studies of corn canopies to reduce the laboratory 
measurement time while providing quantitative data highly correlated 
with corn canopy spectral response. Similar relationships were found 
between total leaf biomass and total LAI as well as chlorotic leaf 
biomass and chlorotic LAI. 

4. Significant relationships were found between the spectral 
data and associated ratio combinations and many of the agronomic 
variables sampled. In addition, many of the agronomic variables 
were highly interrelated because of their relationship (s ) to crop 
growth and development. 

SIGNIFICANCE 

Nondestructive remote sensing techniques can be applied to corn 
canopies to estimate agronomic variables highly related to corn 
canopy physiological status. These same inferences may be extended 
to large areas by Landsat-D's thematic mapper when this earth resources 
mission is launched in early 1982. 

FUTURE EMPHASIS 

This project has been completed and nianuscript has been submitted 
for publication. 


PUBLICAT IONS 


Kimes, D.S., R.L. Markham, C.J. Tucker, J.E. McMurtrey III. 19«0. 

Temporal Relationships Between Spectral Response and Agronomic 
Variables of a Corn Canopy". Remote Sensing of Environment (submitted). 


Nunber of plots measured on each date with corresponding 
symbol used in Figure 1. A total of 4 3 plots v/ere 
measured. 


Date 


Number of Plotting 
Plots Measured Symbol 


Number of Plotting 

Date Plots Measured Symbol 


06 / 15/79 
06 / 22/79 
06 / 27/79 
07/0 3/79 
07 / 06/79 
07 / 18/79 
07 / 19/79 
07/2 3/79 


07 / 27/79 


07 / 31/79 

08 / 06/79 

08 / 13/79 

08 / 20/79 

08 / 30/79 

09 / 04/79 

09 / 11/79 

09 / 18/79 

10 / 03/79 
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B. SPECTRAL STUDY OF WHEAT COMPONENTS 


by 

J.B. Schutt 


OBJECTIVES 

This ongoing investigation was undertaken to identify differences in 
the spectral responses of the structural elements of wheat, which 
could have a bearing on yield estimation. 

BACKGROUND 

The observation that the absorption regions of chlorophyll a 
(437,676 nm) and b (468,651 nm) broaden and increasingly overlap 
as leaves mature is well known. Cates et al. (1965) seem to have been 
the first group to document this effect using a laboratory reflectance 
spectrometer. Their results were reported for oak (dicot) leaves. 
Collins (1978) has reported the effect as a "red shift" (745-785 nm) in 
wheat (monocot) leaves using an aircraft mounted spectrometer. He have 
observed the effect in cotton (dicot) leaves taken from the same 
plant; the effect could not be identified from between plant 
comparisons due to interplant variability. In the case of v/heat , 
the development of chlorophyll absorption can only be an indirect 
indicator of yield because leaf maturation is completed nrior to 
heading. After the head emerges, the leaves on the plant commence 
to senesce. It is the relationship between the spectra of these 
components during emergence and ripening which we are investigating 
on a continuing basis. 

RECENT ACCOMPLISHMENTS 

Spectral measurements were taken in the laboratory from 0.36 to 2.5 um 
on heads and flag leaves of field grown wheat nlants. *^he results 
are summarized in Figure 9B-1. Spectral areas are given for a mature 
and senesced flag leaf and for a nearly empty and fully ripened seed 
containing head. The spectral differences from 0.8 to 1.2 um 
between both the leaf and the head for each state are striking. As 
the flag leaf senesced, its spectral structure disappeared while 
its reflectance increased. During the same time periods, the head 
gained in reflectance as it matured, but contrary to leaf behavior, 
a spectral structure developed as the carbohydrate level increased. 

Both the senescing leaf and the ripening head produce a reverse 
"red shift" or a shift in the long wavelength chlorophyll absorption 
toward the blue. 

SIGNIFICANCE 

These results demonstrate that leaf and head spectra from 0.8 to 1.2 um 
are distinct, and provide a basis for their partial separation using 
off nadir viewing. 

FUTURE EMPHASIS 

Recently a greenhouse planting of wheat has been undertaken to 
provide an additional check on these results, to identify for the 
"red shift", and to shed some light on the effect of fertility on the 
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spectra of heads during ripening. Pending verification of these 
results, the study will be pursued in the field during the upcoming 
growing season. 

REFERENCES 

Gates, D.M., Keegan, J.H., Schleter, J.C., and Weidener, V.R., 
"Spectral Properties of Plant", Appl. Optics, 11-20 (1965). 

Collins, W. , "Identification of Crop Type and Maturity" Photogram. 
Engr. and Remote Sens. 44(1): 43-55 (1979). 




Relative spectral responses ot a heafl of 
flaq leaf. Each component is shown in t' 
important in remote sensinq. 




SENSING OF TOTAL D RY MATTER ACCUMnLATION IN WINTER WHEAT 

by 

C.J. Tucker, B.N. Holben, J.H. Elgin, and J.E. Mc«urtrey 
OBJECTIVES 

BACKGROUND 

The global carbon dioxide (COo) cycle has b^^n f-ho ^ 

recent interest and continues'to be Ihe fuSjJSt of serioSs , 

concern. Remote sensing, with its unique synoptic p«soe?tive 

ueLtSt? ^ possible means of mLi?orLrSr?errestrial 

vegetation biomass or phytomass. The role of the phytomasJ in ^ 

th^e"in?2rre?,tJ?"'’“®" to’^sStiify 

DhJfL^p^ requirements for information about the terrestrial 

in ^hrdistrJbutfrr^f communities; chances 

deforestation; and the ne^ priLTprSductLu v^f 't^ 

pti“?:;y‘-^;t^”LT‘fSr'5“ 

stored as auove-ground ohytomass. or tne carbon 


Our experiment was conducted in 
(Triticum aesti vum L. ) field at 
center, Beltsville, Maryland. 


a 1.2-ha soft red winter wheat 
the Beltsville Agricultural Research 


2 X 3— m plots in the wheat field were selected dnrinct i-Vi 

radiometer. Data were collected on r^nf-ra u f hand-held digital 
/ T, T • o ^ „rr wtfte coiieccen on 2 i dates between March iq 7 o 

JangL%" 


The red (0.65 - 0 
spect ral-radiance 
normalized difference 


70 un) and photographi c- in f rared 
data were used to form thc' 

(NP) , where : 

ND = (TR_red)/TRtred) 


(O.775-O.R05 „m) 

IR/red ratio and the 


( 1 ) 


The four pairs of spectral measurements per plot were averaaed t-n 
account for the spatial variability present ?n eac^plot? AU 


spect ral 
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within plus or minus 

surfaSe? ^ ^ocal solar noon, and measured normal to the ground 

Throughout the growing season average plant height, estimated 

foJ^^the^field development were recorded 

T crop reached harvest maturity in late 

June 1978. On June 28, 1978 (Julian date 179), a 0 9- x 3 o!m swath 

plot «ith a small sickle-bir ISo^e? 
grian yield were recorded. The entire above- 
ground Diomass was oven dried at 60°C for 72 hours and weighed- 
the resulting total dry-matter accumulation was expressed in gV. 

RECENT ACCOMPLISHMENTS 

Red and photographic-infrared spectral data collected on 21 dates 
over the growing season with a hand-held radiometer were quantitativelv 
correlated with total dry-matter accumulation in winter wheaj ?^^ ' 

spectral data were found to be highly related to vigor and co^ditKn 
of the plant canopy. Two periods of drought stress and subsequent 
rat?croF f?" apparent in the spectral data? Simple 

intensitieJ'^Ld^®Shi®^'“'’'^®"‘^''e'’®‘^ compensated for variations in solar 
7 S 4 IK "^®".^-""egrated over the growing season, explained 

A satelliL^sJi?^^°" total above ground accumulation of dry matter, 
total drv arr-nnu?"*- proposed to provide large-area assessment of 
vegetatiL? ^ primary production from terrestrial 

SIGNIFICANCE 

be spectral data were found to 

be hi<3hly related to canopy vigor of winter wheat and its response 
to rainfall after mild drought. response 

3^® IP-/ red radiance ratio and the normalized difference 
relJ?^d fn spectral sampling dates were found to be strongly 

wheat!^ above-ground total accumulation of dry matter in wintL 

spatial resolution satellite system is proposed 
drv assessment of net primary production or total 

use Tn information would have immedia?^ 

Khf t ®^^ 5 ®ssing some of the questions associated with the role of 

phytomass in the carbon dioxide cycle. In addition 
this information would provide large-area primary productiordat^for 
m!ni 'desertification, drought, deforestation! acid ra?n a^ 

plant growth an^ 

FUTURE EMPHASIS 

The technique described herein is being aoplied to different plant 

“uclMe.^”‘= thirtc^Jn^gua 

REFERENCES 

Tucker, C.J., b.N. Kolben, J.H. Elgin and J.E. Mcwurtrev 19R1 

Sensing of Total Dry Matter Accumulation in WinterShLt" Rem^fr 
Sensing of Environment (in press). winter Wheat . Remote 
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D. REMOTE SENSING OF TEMPERATURE PROFILES IN VEGETATION 
CANOPIES USING MULTIPLE VIEW ANGLES AND INViJRSION 

TECHNIQUES 

by 

D. S. Rimes 


OBJECTIVES 

The objective of this study was to demonstrate and evaluate a 
mathematical inversion technique based on physical principles which 
utilizes a series of sensor view angles and a priori information 
of vegetative geometric structure to predict temperature pnofiles 
of vegetation canopies. 

BACKGROUND 

There has been great interest in utilizing remote sensing in the 
thermal infrared region (3-20 ,im) to gain additional information 
concerning the status of land resources. In the vast majority of 
remote sensing applications, vegetation canopies are encountered. 

Often the vegetation itself is the target of interest as is the 
case in agriculture, forestry, and range applications; however, 
in many applications such as agronomy, geology, and hydrology the 
substrate underlying the vegetation (e.g., soil, rock, snow, etc.) 
is of interest. A mixture of vegetation and substrate components 
within the field of v’iew of a sensor often complicates accurate 
scene interpretation. Wide variability in mixture of natural scenes 
occurs, causing wivle variability in spectral response (both reflective 
and emitted regions) and difficulty in making accurate inferences. 
Furthermore, strong vertical temperature profiles occur within 
vegetation that affect sensor response and prevent accurate 
inferences of plant water status, disease conditions, etc. A remote 
sensing technique is needed which uniquely separates composite 
sensor response (s) into a unique temperature profile (vertical 
profile of vegetation temperatures and substrate temperature). 

In this study a technique was proposed that utilized a physically 
based deterministic model to relate the vertical temperature profile 
and the geometric structure of the vegetation to the directional, 
thermal infrared sensor response. Using a series of off-nadir sensor 
view angles and a priori information of vegetation geometry as input 
variables, the motiel was mathematically inverted to solve uniquely 
for the vertical temperature profile. The technique was evaluated 
on data from several wheat canopies at different stages of development. 

RECENT ACCOMPL1S5IMENTS 

Kir^s (1980a) presented a deterministic equation based on physical 
principles which expresaed the directional sensor response as a 
function of vegetation geometry and the temperature profile of 
horizontal layers of vegetation. In this study the eouation was 
expressed as a system of linear equations as follows: 
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s + e 


t(xp 


tCXj) 


t(.„) 


sC02.02^ 




tjv. effi- is the effective radiant temperature (ERT; also referred 

Where s(0i,iii) is tne eriectiv v«ivln of an m-layered canopy 

to as apparent temperature) m degrees Kelvin the 

system (layer 1 to m J ?^e cLoSy aenith and 

substrate) as measured by a ERT in 

oi "Kicir =i“-coironIn“^"o.''t^rrL„ix 

^ M. ^alcuutlons o. 

this matrix were reported by Kimes et al. (19B0). 

nex. studies were conducted at Phoenix, fr/ei,^^ 

field. Measurements of the . ^ measurement 

canopies of aa« serierverar validation 

perio(^s were made (Kimes, 1980 )• i.^^hninnes <^everal cases were solved 
Lta for testina various rnversron techniques^ 

inciudinq cases ol an anq ^iso overdetermined 

^ys^erof'thrsl'oxac? Jystems. sinsitivity analyses of these systems 
were performed. 

The results showed that the four layered systems were extremely 
lensulve; a 1°C chance in nadir sensor FPT can_^drast really^ 

chanqe the predicted canopy layer , accuracies of 

conditioned svstems are not appropriate for the it™ 

measurements experienced in most remote sensing * r , v 

Ert:|-ormre'?L\s2r\r ^^trs! ^thf '-rafaitSn^al^d ol’l^ 

thr%St-J^an-squa?o‘pJedI?tiora^^ ofvJqpiuon ?Lpera?ures of 

iHLHv:i‘;d^ciuct!rn‘if -^e^ 

Vnd ■’ time's more accurate than the measurement of a single sensor 

iss;u=5£ii3”S'S 

and aenS venctation densities, and relatively poor inference of 
Jeaetation temperatures for sparse canopies. The eonvetse ,s true 
for inferrina svibstrate temperatures. 

SIilNIFICANCF 

These findings have significant implications for remote sensing 
research and .aprllcat ions in aqriculture, hydroloqy, qeoloqy, forestry. 
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and other earth resources disciplines where the scene of interest 
is the vegetation canopy or the underlying substrate rather than the 
composite scene. For specific vegetation geometries this technique may 
provide a means for uniquely separating mean vegetation and 
substrate temperatures when a priori knowledge of vegetation geometry 
and two or more sensor view angle measurements can be obtained. 

FUTURE EMPHASIS 

This study has been accepted for publication. Future work will 
involve preprocessing of the data, including smoothing and physical 
constraints based on known thermal properties of canopies, to 
improve the prediction accuracies. 

PUBLICATIONS AND REFERENCES 
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Vegetation Canopies using Multiple View Angles and Inversion 
Techniques". IEEE Transactions on Geoscience and Remote Sensing 
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D.S. Kimes, S.D. Idso, P.J. Pinter, Jr., R.O. Jackson, and R.J. Reginato, 
1980. "Complexities of Nadir-Looking Radiometric Temperature 
Measurements of Plant Canopies". Applied Optics 19(13): 2162-2168. 
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E. AMGULAR CONSIDERATIONS IN OFF-NADIR VIEWING OF 


SOIL AND VEGETATIO N 
by 

C.J. Tucker and R.N. Holben 


OBJECTIVES 

The objective of this study was to measure the bidirectional 
ref lectance/ radiance distribution function of soil and vegetation. 
This was accomplished by a series of rapid field measurements where 
56 hemispherical radiance measurements were made from the same 
area in two spectral bands. Data in support of this objective were 
collected at eight azimuthal positions and for seven sensor view 
angles per azimuthal position. 

BACKGROUND 

The reflectance of a surface is a very complex assemblage of 
specular and diffuse radiant fluxes eminating from a surface 
relative to the direct and diffuse radiant flux impinging upon 
that surface. For many remote sensing investigators, the reflectance 
has been assumed constant for a given cover type primarily because 
geometric conditions of observation have been relatively constant 
(i.e., a nadir viewing sensor, standard time of observation, and a 
horizontal target). More portable and flexible field equipment 
and future off-nadir looking satellites (proposed NASA satellites 
and French SPOT satellites) present the opportunity to investigate 
spectral reflectances from variable light source-target-sensor 
geometries . 

Remote sensing involves the acquisition of electromagnetic 
radiation eminating from a target surface and impinging upon a 
sensor surface. In order to relate the sensor information to 
specific propeoties of the surface, a detailed accounting of the 
radiation transfer must be taken. For the visible and reflective 
infrared portions of teh electromagnetic spectrum, this is 
accomplished by describing the reflected radiant flux from a surface 
relative to the incident radiant flux. 

Several 6-m x 6-m experimental plots were selected for detailed 
experimental study at the Beltsville ^gricultural Research Center, 
Reltsville, Maryland. One plot of bare soil and one plot of 
uniformly distributed nut sedge (sedgei nute ) were selected. Nut 
sedge is a commonly occurring grass-like weed. The bare soil plot 
was kept clear of all vegetation by applications of herbicide. 

Red (0.65 - 0.70 urn) and photographic infrared (0.775 - 0.825 urn) 
spectral datg were cgllected at zenithview angles of 0°, lo”, 20°, 
30°, 40°, 50° and 60 from eight compass positions (N, NF , F. SF , 

S, SW, W, and NW) using a two-channel hand-held radiometer. '^he 
hand-held portion of the radiometer was mounted on a camera tripod 
to which a protractor was attached for angular determinations. Plot 
areas of homogenous composition were carefully selected as the field 
of view gradually increased with increasing sensor view angle. A 
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wa^meaLrld ?n '^O'npass positions 

variations cauLa“brt^^ 

sulfate reference measureit^nts were made before and s»aI^K 

c?oSLue f?ornortSi fof ?^e®p!ot“Se?e^?0°'anl%5?^”“^''* 

for the bare soil and 74* and ZVVJn.TUll -»P«=t-ely 

each plane, called a view Limuth, was cI^culaLd cloc^wis^ 

are perpendicular^to^th*^ azimuth, hence a view azimuth of 90° 270° 

of 180° is parallel t^th^priicioa^plLewith^t^ ^ azimuth 

toward the solar azimuth? planewith the sensor looking 

radiances, the^i?/?ed^r?diance ratio^*^and^th^^ ^ measured spectral 

of (ir-red)/(ir+red). The ?adiaJce^w|?e <^ifference (ND) 

readings which were directly conve^^Mr^^? ^ instrument 

by Simply dividing therb^^'Le^L'L^ured^^sS^ reflectances 

RECENT ACCOMPLISHMENTS 

2e?rneasirJf?rorthreinl:rp?InSo^ spectral radiances 

View angles of 0^ to 60^ ?n in^ ” ^ ^ compass positJons at zenith 

fro. a n^ot ff LrlMl ^Jd^” vrgeTa?S5‘^lot'’^‘sl“:nil^i^""'’ 

r"e\“ns"l^ 'w^Irf eS^n^r via/angle . ' ^n^^ vieTL i.uth o t 

radiancerf“rL;rsoil Ind for ‘"fPPPP-’ spectral 

re%“S;se-?o"r*irr|° ir [ F:: V 

correction" target for off-nadir vT suggested a possible "atmospheric 

fpenir^rj:tr£il:‘™ 

index. ^ calibrated to green leaf area 

SIGNIFICANCE 


1. Spectral data collected for^ barp i u»*i**k ■ 

view situtated perpendicular to both the orincioal nlane * 

and the around wer^i fr»ma * 7 Hrincipai plane of the snn 

equal spectral response could havrutilUy' for^atmoLh‘^“ angle. tMs 
using off-nadir looking satellites The 

to the red and photographic infrared IpLtral JesnoiL^f ’’ T 

both b;nds'?ortJe''b1rl si! 1 '"'’^!^ foeL 'N"" i" 

increasing senith vllrallu'tor Ihrill^itlro?!!' "ifh 

projected leaf area index of the erectroohile ^ result of 

and showed little variation with ?Ani»->i sedge canopy geometry 

infrared band. with zenith view angle in the photographic 
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3. Phase ^^^^tral'rlsponsrloulf bf^aSted 

r„^rsrbrt^HSe^ 

■ 4. Red responses to bare .“"rowtvrr^I 

to the photographic ^^^P^J^ip®of°photographic infrared 

K‘sf ;:H“aS »sp i 

^U^clubralef o^t-nfd^r'spSo^ral d"ata to a nadir calibrated standard. 

5. The IR/red ^-«Si-^“tr“iew*an,^e™aid';Lse“n^^^^ 
:SS^‘cfrrrs;:ndenf ihrn",fs\n proie?ted leaf area index of the 
nut sedge canopy. 

FUTURE EMPHASIS 

Additional field 'if ^ J^^JilSe^typerofLif and%r'w 

as mathematical modeling of tnese rype 

scenes . 


1981. "Angular Consideration in 


references 

Tucker, C.J. and B.N. Holben 1981. ^ ^ntrrnltlonal Journal 

Off-Nadir Viewing of Soil and Vegetation 
of Remote Sensing. 2; (m press). 
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plane of the sun. 
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BARE SOIL 
PLOT3S MOm 
t640 1«10 COT 
RED «0J6- 0.70 1# 





ZENITH VIEW ANGLE (DEGREES) 


BARE SOIL 
PLOT3B S.'30/78 
1M0 1610 EOT 

PHOTOGRAPHIC INFRARED = 0 775 0825 >«n 


ZENITH VIEW ANGLE (DEGREES) 


Figure 9B-3i, 


Zenith view angle plotted vs (a) red radiance and 
(b) photographic infrared radiance for bare soil on 
^/iO/78, Separation of the view azimuth curves increased 
with increasing zenith view angle. 
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Figure 9E-4, 


Zenith view angle plotted vs (a) red radiance and (b) 
photographic infrared radiance for '20% green cover o». 
6/20/78. Note a decrease in red radiance with increasing 
zenith view angle for the red radiance only. 
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Phase angle vs (a) red radiance and (b) photographic 
infrared radiance were plotted for '20% green cover on 
6/20/78. Note the response differences between red and 
photographic infrared. The data points are nuntoers 
corresponding to zenith view angles. 
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SIMULATED DIRECTIONAL RAriANC^S OF VECFTA'^ION 


FROM SA'^FLLITF PLATFORMS " 

by I 

J.A. Kirchner, C.C. Schnetzler and vT.a. Smith != 

i 


OBJECTIVES 


The purpose of the study v/as to examine, via simulation techniques, 
the effects of off-nadir viewing, vegetation canopy geometry and 
density, solar zenith angle, and atmospheric condition on the spectra] 
radiance and normalized difference in'^ex (^’D) as viewed from a 
satellite . 

BACKGROUND 

The potential development of pointable earth observa*-ion satellite 
sensors provides not only the opoortunity to improve the temporal 
resolution of a scene by looking across adjacent swaths, but also raises 
the necessity of understanding the radiometric and geometric effects 
of viev'ing a given target off-nadir. The scope of this problem is quite 
broad since sun/sensor geometries, atmospheric conditions, spectral 
bands, and the bidirectional reflecance properties of the surface 
must all be considered. Each of these factors influences the radiance 
observed from a given target at a given time. Under natural conditions, 
it is difficult to isolate and observe the effects of each singly; 
hence, the use of mathematical simulation models. Euch rnodels, 
effectively used, can aid in understanding the complexities of off- 
nadir viewing, eventually leading to new remote sensing app"’ icat ions 
or improvement of existing capabilities. 

RECENT ACCOMPLI S^MFV'^S 


Simulation data used in this study were taken from the data base 
established by Smith et al. (19>^0) for ORI , Inc. ^riebel (1976) 
showed that the directional radiance of a target v;as determined 
by the distribution of radiation impinging upon the target. In 
the study conducted by Smith, et al. (19^0) the atmospheric radiative 
transfer model developed by Turner ( 1074 ) was used to supplv' the 
necessary incoming radiance values as well as to predict the 
radiance perceived by a sensor at a given altitude, zenith angle, 
and azimuth look angle with respect to the sun. Atmospheric nath 
radiance was taken into account. '^he model was modified by replacing 
the I.ambertian surface normally found in the model with bidirectional 
reflectance factors typical of various vegetated surfaces. '^hese 
factors were derived using the Solar Radiation 'Vegetation Canopy 
model, of Smith and Oliver ( 1977 ). For a satellite altitude, spectral 
responses at two wavelengths, 0.69 urn in the chlorophyll absorption 
band of vegetation, and 0.90 um in the near infrared, were simulated 
at nine sensor zenith angles, five sensor azimuths and nine solar 
zenith angles for seven vegetation canopies under three atmospheric 
conditions. Only the data for a grass canooy, modeled with two 
different geometries at low, medium, and high biomass levels, were 
u'ied in the present study. 
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The simulated radiance data were used to calculate the value of 
the normalized difference index (IR-RED/IR+RED) , a green biomass 
indicator. Data analysis included construction of polar plots of 
radiances and normalized differences according to the scheme presented 
in Figure 9F-1. The data were then contoured according to their 
percent change from the nadir value . Plots to help visualize the 
effects of various sion angles, view angles # canopy geometries and 
densitites, and atmospheric conditions were grouped accordingly. 
Figures 9F-2 and 3 illustrate the off-nadir variability of the spectral 
radiance and normalized difference of a grass canopy under clear 
atmospheric conditions for spherical and planophile canopy geometries, 
respectively. 

SIGNIFICANCE 


1. Off-nadir viewing effects were found to be more pronounced 
in the red spectral band than in the infrared. 

2. The magnitude of off-nadir viewing effects is a function 
of canopy geometrical structure. 

3. The normalized difference index tends to remove some of 
the variability due to off-nadir look angles that is exhibited 
by individual spectral bands. 

4. A "hot spot" in plots of red radiance is located such that 
contours about it tend to align with a relative azimuth of 120°. Thus, 
viewing near this azimuth should give rise to the least variation of 
data values over a range of sensor zenith angles since the fewest 
contours are crossed. 

5. Off-nadir variability of scene radiance and normalized 
differences decreases with increasing biomass at given sun and view 
angles. 

6. Increasing solar zenith angles greatly increase the magnitude 
of variations observed by looking off-nadir, but actually tend to 
lessen ^he variations seen within a sensor zenith angle range of 

0 to 35 due to the movement of the hot spot out of this range. 

7. Atmospheric haze wipes out useful surface information by 
magnifying scattering effects. 

FUTURE EMPHASIS 

The project described was completed and submitted to a journal. 
REFERENCES AND PUBLICATIONS 
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Scheme for plotting and contouring radiances 
and normalized differences according to their 
percent change from the nadir value. Data were 
plotted for nine sensor zenith and five sensor 
azimuth angles. The nadir value is the average 
of the 5° sensor zenith angle values for the 5 
azimuth angles. Solar azimuth is always 180 
degrees. The semi-circle at 35'“ zenith represents 
a suggested maximum sensor pointing angle. 


SPHERICAL GRASS CANOPY (WIID-BIOWIASS) 


SOLAr’zENITH angle 35“ 
VISIBILITY 23 km 


RED RADIANCE (0.68 /im) 
NAD1R=3.25 mW cm"*sr^ 


IR RADIANCE (0.80 >tm) 
NADIR=8.99 mW cm'*sr’ 



IR-REP 
■ m+RED 


NADIR" 0.469 

0 “ 



180 ’ 


polar plots Showing off-nadir fe?ence , 

radiance, b) grass canopy at a solar 

re^i?h"fn^- -'i-n/risrt :rngfrri^ T/n^dtr’ 

^‘rtlur?rtlrval"is 10% Hatched lines indicate 
some contour lines have been omitted. 
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G. MODELING THE EFFECTS OF VARIOUS RADIAN T TPAMSFERS_^ 
MOUNTAINOUS TERRAIN ON SENSOR RESPONSE 


by 

J.A. Kirchner and D.S. Kimes 


OBJECTIVES 

The purpose of this study was to develop a model capable of 
simulating the effects of anisotropic sources of irradiance an 
bidirectional reflectance properties of the target surface on 
sensor response for various slope orientations, and to use this 
model to examine the errors associated 

techniques for accounting for the topographic effect on sensor 
response . 

BACKGROUND 

The analysis of remotely sensed spectral data has .potential for 
providing effective management of natural resources in areas of 
mountainous terrain. Recent studies have shown problems the 
interpretation of multispectral data in mountainous areas due to 
tSpog?aphic effects on sensor response. These effects are caused 
by variations in slope orientation with respect to sources of 
incident radiation (as opposed to variations in . . 

conditions) and need to be considered before accurate classi -icat ion 
of multispectral data from mountainous terrain can be achieved 
The radiant transfers in such terrain are of such complexity t 
an accurate understanding of the causes of sensor response 
is difficult to achieve without the aid of a comprehensive, p y y 

based model. 

RECENT ACCOMPLISHMENTS 

A model was developed which simulates the effects of variations of 

direct solar radiance, anisotropic sky » . ^^^f^^’^^F^^^.^^^- 

radiance of surrounding topography and bi-directional reflectan 
of the target slope on the directional sensor response for various sun 
and target slope orientations. The simulated topographic scerie 
consisting of the target slope and adjacent slopes was modeled as a set 
of two or more contiguous planes. Spherical coordinate systems were 
used exclusively to describe all radiant energy transfers. 

Two coordinate systems were defined, as shown in Figure 9G-1, to account 
for the radiant transfers. The target plane represents the slope of 
interest, and the target point represents the location of the sensor 
field of view on the slope. The target point can occur at any location 
on the target plane. The inclination and aspect angles of the target 
plane were described by v , and >, respectively, in the standard XYZ 
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ir 9“fr.' Both'thrXYrand ^ 'system wire discretized 

from the sky and from adjacent terrain reflections. 

The spectral radiance from the target point, L^, in any direction 
(9*r,»'r>' i® exactly determined by 

L,. (e'r- ♦’r' 'J of^o ♦'l’ ' t’ ^ '' 

'sin cos d9’,d«V. 

where (o®) is defined as the relation of that part of the total spectral 
radiance d L, (S-^.^r) reflected in the direction 

originates ^com the dipction of incidenc !'♦ l impinging on a surface 

IllCrwaflallllllll If rllLH-cll%Pp”llmation of this equation 
where the integral over the hemisphere was a summation of t e 

”raiefirthlfri;strm%fr-rl^f^^^ 

response . 

Simulations of the model were compared with for^r^""^ 

^cr^rhniauGS which attempt to account for topograhic effects tor 
If ilf Tf Ilfe-lspSc? orientations. Tt.e first technique was a 
fifi cis lie correction which ignored diffuse radiation from both 
the'^sky and adjacent slopes, while the second For 

imilltilf ' thf dif ff ef Ifbetwell tirtlrget radiances calculated 
by the comprehensive model and the respective techniques were used to 
evaluate the accuracy of each technique. 

SIGNIFICANCE 

In this study the model was utilized to explore the errors associated 
with two practical techniques for accounting for the topographic ef fee 
oi censor resoonse. The results showed that the topographic effect 
n2edrtS brcSnrid;red in mountainous terrain before accurate inferences 
frofseLo? SSta can be made. For the specific 
conditions and Lambertain scenes of this study, it was 
relatively significant errors can occur at all wavelengths when 
^Ji^nnt-ina for the topographic effect in terrain with slopes greater 
than 2QO if only a direct solar source is considered (simple cosine 
correction). This error was diminished by greater than^SO. when 
direct solar and diffuse sky sources were considered. he 
technique had a maximum 4% error in reflectance for all simulated 
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scenes except for highly reflected wavelengths and extreme slopes 
(30° slopesK With the recent development of methods for 
integrating digital terrain data with remote sensing data it 
has become possible to apply such techniques. 

FUTURE EMPHASIS 

In future model applications the variability in sensor response 
for non-Lambertian surfaces will be explored. 

PUBLICATIONS 

Kimes, D.S. and J.A. Xirchner, "Modeling the Effects of Various 
Radiant Transfers in Mountainous Terrain on Sensor Response". 
Accepted for publication by IEEE Transactions on Geoscience 
and Remote Sensing. 
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Fiqure 90-1. Two coordinate systems used to account for radiant tranfers between 
the target point and the surrounding topooraphy and sky. XV'7, is 
the standard three-dimensional Cartesian coordinate system where 
the zenith and North directions are represented by the 7 and X axes 
respectively. The base of the target plane lies within the XY 
plane and passes through the origin. X'Y'7' is the three 
dimensional Cartesian coordinate system relative to the target 
plane where Z is normal to the target plane, X* and Y' lie within 
the target plane, X' is oriented toward the XY plane so that the 
Euclidian distance is minimal, and the oriain is arbitrary 
relative to XYZ. Both coordinate systems are discretized into 
sectors. The target plane inclination (.) and aspect (>) 
are shown in the XYZ coordinate system. 
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H. AN EXArUNATION OF SPECTRAL BAND RATIOING TO RE DUCE THEj 
TnpnnPAPHIC EFFECT ON REMOTELY DATA 


by 

B.N. Holben and C.O. Justice 


OBJECTIVES 


fec+-iveness of ratioing red and photographic infrared 
splotril lor renovinq the topographic effect rn remotely 

sensed scenes was evaluated in a ground control experiment. 


BACKGROUND 

The "topographic effect” is manifested on 

images by the visual appearance of terrain rugge - slope 

caused by the differential spectral radiance 

anale and aspect variations. The topographic effect is most 
proiounSSd in areas of rugged terrain 

of radiance values for each cover type. Some studies have state 
that the topographic effect can be reduced by ratioing spectral 
bands and visual examination of ratioed Landsat images have 
confirmed this statement. 

onaititative analysis of the topographic effect on Landsat data is 
a complex task due to difficulties in ground location, variation 
fn Su?faSe cover, and limited slope and aspect distributions. The 
authors therefore, attempted to reduce some of the complexity by 
analvzing the topographic effect using radiance data collected wit. 
rna^ir pointinq'^SLd-held radiometer from iniform sand sur<^ace 
inclined at various combinations of slope and aspect. 

ofaliJfiinq the''^ldia^«^a^u“l^^^lU chJnnel^brthfcSrrusiondinq 

rhrSat^""?he ratlfnafe reri“‘use of ratios 
is rarely discussed in the literature though the factors causing 
radiance variation are defined as: 


where: 


L> = Ev(S t)*;M(^» t)-T\(f>, t)+3\(<^, t). 

multiplicative term + additive term 

Lx = Spectral radiance received at the sensor 

{C‘ ,t) = Direct spectral irradiance impinging the target 
at time t 

= Target reflectance at time t 
= Atmospheric transmittance at time t 

= Scattered radiation by the atmosphere to the sensor's 
field of view at time t 

= Angular parameters 


■ xi'-.t) 
T \ ('' ,t) 
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We assumed that radiance angular interdependencies had ean;,! 
multiplicative effects for all wavelengths? h^ncl band rati^na 
o multispectral data was seen as a potentially powerful tool ^ 
for reducing these multiplicative effects on the ysw^-i • j 

factors are negligible or have been subt?aoteroIHtf additive 

^ simple case in which the same target is sensed under 

5 f®'”' ^mh-ta-^get-sensor geometries (A and B) w!?h all 

other factors constant. The radiances (L) 

for channels i and j under conditions A and B are ralloldl 


1 


— and ~ 


3 


L? 

X 


B 


channeJ! ?h"en"""“""' ™ tor each 


1 


kL® 

1 


kL 


B 


for all multiplicative factors k. Then the 


two ratios are identical: 


J 


kL® 

1 


kL 


B 


L® 

1 


muUrpUcat?vri?cto?s.'’® combination of 

RECENT ACCOMPLISHMENTS 

Our approach for examining the effect of a.i. 

Channels. The 'uni forms a a^d au"f^Sr°?a”Snlnted\Tair ' 
of slopes, ranqing from 0 to 60^ in in^ i sll combinations 

from 0 to 360° in^gg.^?® L^^e^^nts? J"r 
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elevations. All observations were taken under cloudless conditions 
with a nadir pointing sensor. Less than one-half hour was required 
to complete collection of a data set, thereby reducing errors due 
to the apparent movement of the sun. All surrounding surfaces 
were painted black to eliminate any major scattering from adjacent 
sources. The surface aspect was measured in degrees, clockwise 
from the sun's azimuth. This angle is termed the "azpect" of the 
surface (Holben and Justice, 1979). Red and photographic infrared 
radiance data pairs were collected in data subsets called azpect 
strings, that is slopes of 0—60 for each azpect. An additional 
data set was collected to examine the effect of the scattered light 
additive factor on the ratioed data. The scattered light measurements 
were obtained by obscuring the solar disc, which is a standard 
method for collecting skylight data, '’’he global radiance (i.e., the 
total radiance impinging on the surface) was measured consecutively 
with the skylight data. 

The radiance data were coded and ratio values were calculated for 
each observation pair. Means and standard deviations were calculated 
for all data sets and the results presented in the following section. 

For the additional data set the radiance measurements for the scattered 
light illuminated surface were subtracted from the global radiance 
measurements prior to analysis. 

The topographic effect can be quantified by calculating the percent 
change in radiance for each slope from a reference radiance 
measurement. For this study the reference radiance was tal<en to 
be the radiance for a horizontal surface. To show the variation in 
the ratio values (i.e., the remaining topographic effect) , the 
percentage change in the ratio value from the ratio for the horizontal 
surface was calculated for all azpects for a moderate _ solar elevation 
data set. The mean percentage change for each slope is plotted 
in Figure 9H-l.The largest mean percentage change in ratio values (5%) 
was calculated for the 60 slope angle. Ratio values deviated less 
from the horizontal surface ratio for slope perpendicular to the 
solar azimuth and more for slopes into and away from the solar 
azimuth (i.e., in the principal plane). These results show that 
the ratio values for different surface geometries were not constant 
and therefore it can be concluded that the topographic effect was 
not totally eliminated by ratioing but has been considerably reduced 
( f rom 40% to 5% ) . 

Examination of the ratio values associated with the four solar 
elevations shows that the ratio \alues vary between data sets. These 
variations in ratios are summarized in Table 9H-1, where the mean stanoar . 
deviation, and range of the ratios for each data set are presented. 

The smallest range in ratios (0.98-0.90) corresponded to the high solar 
elevation, i.e., the data set with the least topographic effect. 

The greatest range in ratios (0.67-0.79) corresponded to the low 
sun elevation data set, i.e., the greatest topogpphic effect. The 
range in ratioed values shows that the topographic effect was not 
totally normalized for any of the data sets. 
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Table 9H-1 



f 


( 


Summary of all Ratioed Observations for Each Oata Set 


Solar Elevation 

62° 

40^ 

35° 

11° 

Dato 

8/24/73 

9/25/78 

9/4/78 

9/26/78 

Number of Azpect Strings 

9 

17 

17 

18 

Mean Ratio Value 

. 889 ' 

.696 

.880 

. 720 

Standard Deviation of the 
Ratio Values 

.0060 

.0080 

.0118 

.0361 

Range of Ratio Values 

. 88-. 90 

.68-. 71 

. 86-. 90 

.67-. 79 


nec^ 


SIGNIFICANCE 

a Ratioinq did not completely eliminate the topoqraphic effect 
within the field raeasured radiance data. 

by an average of 83%. 

c Ehe remaininq topoqraphic effect within the ratioed data 
was due to uncorrected additive radiance terms. 

dependency of the scattering properties of the surface 

• • -11 f»ffpctive for reducing the topographic 

effect on'nhrdeS%urfL"efwhtch are illuminated solely by scattered 
light . 


rom this • f iq'^JechriquJ t^multis^ct^arsaWllUe 

pplication of the ratiomq 4 n<»rhaDS the simplesi 


application of the ratiomg ‘7;^"^h’ps the simplest 

First, ratioinq of "“Itrs^ctral channel, is P®f 

technique for reducing a a?, 4 -a Second, direct inference from 

within multispectral exp^ted from ratioinq statellite 

these results to those that of the additive terms 

data should be made with important oart in confounding 

minimized in this study will ^"'^^^^^U^rdata. '^^hird, 

fompir^r^rissvinrt^rfcatt 

:fi^r::nitffusr^rur;rai^Ibi/frli^hrcw^^^ sorlacesmay 


f ^ a t a . 


4 

1 


1 



V .. * T 



lead to some Improvement in utility 

re^reducJi^rr/?re"5i?fure''forporenfslm::^^^^ 

Results for this study show ^rLHoporrlphir 

for areas of extreme exhib t g ^^.^5 of the world 

effect, although it will Ld^the topographic effects 

have few slopes of greater t 4-his «?<-udv will rarely be 

exhibited by the radiance data used in this study win ra 

so extreme. 

FUTURE EMPHASIS 

Application and evaluation of spectral band ratioing to Landsat 
dita are being undertaken for a variety of oovertypes. 

REFERENCES 

r, AT r n Tnstice 1979. "The Topographic Effect on 

’’irspei^k^Rospinse of .adir Pointing Rensors". Photogramm. 
Eng. and Remote Sens. 46(9): 1191-1200. 

rn ra ^ n M Hnlbpn 19 79. "Examination of Lambertian 

Justice, C.O., and R.N. Holbe , . ' , . Topographic Effect 

on'Remo^e'iriens^S D^tS"! SaSA TM 80557, Goddard Space Flight 
Center, Greenbelt , Maryland 20771. 

Justice, C.O., and B.N. «°Jben, 1980 "The Con« 

Srrd^SpLe Plight center. 

Greenbelt, MD 20771. 
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THF. CQNTRIBUTTON OF THE DIFFUSE_ T,TGHT COMPONENT ,^ 

the topographic effect on rf mdtely sensed data 

by 

B.N. Holben and C.O. Justice 


OBJECTIVE 

Th. topographic f -r^rfacL^al alfnftirn 
fr!rnLtt^rre!a^^?: - -^osla ot 

The shortwave radiant energy incident on ^asurta^^^^^^^ 

direct ^^''^The’^lattL^two compoLnts are commonly 

surrounding terrain. The la ob-iective of this study was 

known as the diffuse component The objective o 

to examine the contribution of the diffuse lign^^^^^P 

the topographic effect and to asses radiance models, to 

diffuse component with respect to two direct raai^i 
tpec^al band ratioing and to simulated Landsat data. 

BACKGROUND 

Modeling the r'adiation^incident^on^surf aces^h^^ 

the LdiSiL°from^surfaces ^^^^j^cdelin^hld^p^ed^^ 

applications, whereas previous Seve^ of the 

meterological and solar ij^^tion for diffuse light 

early models However" several studies have shown 

under clear sky conditions. I’eni-roDic diffuse sky assump- 

the adverse effects JPf yj2^i^^?,J!°^^:^sSmptior accurate 

for;iopL°fa:rng"p"pendicu to the principal plane and for 
slopes of less than 45 . 

For remote sensing ®^''^^J®^^^^grLrwitrraLSnS'’2maia^ from 
^Sri^rfa^e and not solely f re^lecJfon S"bo?i"" 
the d?re^t%nd^iffusrcSmp^^ 

radiance component in th ton accurately and to assess its 

s?gn!?tian« radraictfwnrbe'Lre™^ 

^tSI rr;Srnriicarterfng ^ropera 

therefo«“adiaLrmideiing*«in b® pop® ppppI®" 

for Lambertian surfaces. 


9-40 


./■I, nifiiiirftirnr'"" ■ ^ Li ^ 


T 


RECENT ACCOMPLISHMENTS 


“Sl”iSir!ef:?rncrirrfL:!°%L"rso^^ 

Lambertlan^surface and has a reflectance of 

the wavelengths and view angles ex^ined in f I? less 

view angles a BaSO^ surface approximates a Lambertian sur 


Radiance measurements were obtained for surfaces, inclined at 

I5!mrt^‘^^?hf ?ngL''?l Ter^^rthr -trpec?- Sf°fh: fur face (Holben 
and Justice, 1979). Red and photographic infrared radiance 
pa?rfSeir;ollected in data subsets called 

Vq Qlooes between 0-60° in 10° increments for each azpect. Tne 
measurements, in ir radiances, were taken using ^ J 

frdSdfat-n. 


The surfaces surrounding the target were Pointed 
minimize terrain scattering. Global and diffuse , 

measured for both surfaces at each slope/azpect combination, 
diffuse observations were obtained by shielding 

a small opaque panel. ^hiirLrrLpond 

?rtif randJrt ::isLg^:i:r?Sr fid?iti tSL ' so ar; leva.ions^^^^^^^ 
during late fall, winter end early spring, ^ 

elevations occuring during late spring, ®u^er and early fall resp 
i-iv^»lv Each data set was collected in less than 45 minutes ana 
each Lpect string in less than 3 minutes. The measurement apparatus 
wafreo^iented tS the sun’s azimuth after collection of radiance 
measurements for each azpect string subset, to reduce errors due to 
the apparent movement of the sun. 


ThP diffuse light was found to produce a topographic effect which 
varied from t^f topographic effect for direct light. 
effect caused by diffuse light was found to increase slightly with 
solar^elevation^and wavelength for the channels examined. 
tions between data derived from two simple direct radiance simulation 
modles and the field data were not significantly affected when the 
diffuse component was removed from the radiances, 
contributed largely to the variation in ratioed data. 
of the diffuse radiance prior to ratioing resulted 
average decrease in the standard deviation of the ratioed data. 


Tn An extreme case of radiances from a 60 percent reUective surface, 
assuming no atmospheric path radiance, the diffuse light topographic 
effect contributed a maximum range of 3 pixel values in simulated 
?Andsat data from all aspects with slopes up to 30 degrees. Such 
a variation is sufficiently small compared with other variations 
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which are likely to occur in the data, to indicate that the diffuse 
component does not warrant modeling prior to cover classification 

analysis. 


SIGNIFICANCE 

The contribution of the diffuse light topographic effect to the 
overall topographic effect within global radiances, varies with 
aspect; the diffuse radiances generally increase with slope for 
aspects facing into sun and decrease with slope for aspects perpen- 
dicular and away from sun. These results indicate than an isotropic 
sky assumption cannot be used to adequately describe the diffuse 
component . 

Assessment of the significance of the diffuse component was under- 
taken first by examining the effect in two direct radiance models. 
Only slight improvements were found in the correlation between the 
radiance and the theoretical data derived using the Lambertian Model, 
whereas an average improvement of 26 percent in the correlation 
coefficient was calculated for data derived using the non-Lambertian 
model when the diffuse component was subtracted. 


The significance of the diffuse component to band ratioing was also 
assessed. Subtraction of the diffuse component led to a 50 percent 
average decrease in the standard deviation of the ratios associated 
with the uniform surface, over the range of slopes and aspects 
examined. The greatest reduction in the standard deviations was 
found for slopes perpendicualr to solar azimuth. 


The Landsat simulation study showed that for clear sky conditions 
over a range of solar elevations associated with typical mid-latitude 
Landsat passes, that the diffuse light radiances in cases of extreme 
reflectance and slope variation would constitute only a maximum 3 
pixel variation in the Landsat measured global radiances. In this 
event, it is unlikely that such a maximum variation could be taken 
into consideration to improve cover classification accuracies, by 
reducing the diffuse light topographic effect. It should be under- 
stood that areas of shadow will have 100 percent diffuse radiance 
and the higher Landsat quantization values associated with these 
shadowed areas are essentially due to atmospheric path radiance. 
effect of varying atmospheric path radiance between the target and 
sensor were not examined in this study. 


Diffuse light causes a topographic effect on remotely sensed data 
Shicrwill vary in significance with the application in question. 

?he aroind based study showed that the diffuse component caused a 
de«ltabU va?!at!on in the ratioed spectral fata which potentially 
could be modeled and hence the etfect eliminated from 
Landsat studies a maximum possible variation of 3 pixel 
the conditions specified does not at present warrant further detailed 
moSeUng ai^fn most cases the variation due to the diffuse component 
will be substantially less. 
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FUTURE EMPHASIS 


Because anisotropic sky diffuse radiance had a rather small effect 
on simulated Landsat pixel values, no further efforts are planned 

effect. Further research on the effects of 
errain scattering on measured radiance is being conducted. 

REFERENCES 
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a Model for Estimating Insolation Climate in Mountainous 
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Holben, B.N. and C.O. Justice, 1980. "An Examination of Spectral 
Band Ratioing to Reduce the Topographic Effect on Remotelv 
Sensed Data." NASA/GSFC Tech. mL/s06o“T 2?? Un IJLs 
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nA^’r^'^K Holben, 1979. "Examination of Lambertian 

and non-Lambertian Models for Simulating the Topographic 
Effect on Remotely Sensed Data." NASA/GSFC Tech.^em. 80557 
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tPPLICA’^IOM OF nTGITAL TERRAra DATA TO OUA>^?IFY AND REDUOF. 

THF TOPOGRAPHIC EFFECT ON LANDSAT DATA 

by 

C.O. Justice, 3.N. Holben and S.T'J. t^lharton 

OBJECTIVES 

BACKGROUND 

u- 1 e; r<efined as the variation in radiances 

cLpape. to paai^ 

as a function of the orientat- an °* f ® of ruqged 

Uqht source and sensor visual impression of 

terrain, this effect is mam ^^araohic effect on remotely 

relief. The authors measured the at low solar 

sensed data and showed the ® ncioai olane of the 

elevations and qreatest for Nation study that the topographic 

sun. They also .^^^JC^rvariati^ radiLces associated with 

effect can produce a cover-classification results, 

a given cover fi^ctances vary as a function of 

It has been ?mrfin variations complicate the task 

slope and aspect an - with remotely sensed data. 

- -?:f?rpe5^S? e -fjqrured ro^ -e used 

“tjrraln%«i''us:a i^/hirstudy^Sere the 30-n^^ 

'rilclt^onf ^ram!%isron!^Vi;qJ;i f JcJ^r ^ 

^rnd‘-a?^ots^fanfi;riiranorojr^^^^^^^^^ 

Lambertian model, and a non- Lambertian mo-el. 


RECENT ACCOMPLISHMENTS 


The first area 


«sos:r 

for SIX sample transects was ma , ^ transects was 

the variability of the I indsat io?nq and the 

examined after the appUcation niodels^to reduce the 

Lambertian ^"'1 enphasU Includes application of the 

^pt?muf nSrmaufahon”:rocedure to the ° 

?hi corrected and the uncorreCed radiance data. 

i_u c;^>iected test sites before the analysis 

Field check inq of ■„ the woodland cover for 
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highest mean pixel values associated with the oak woodland cover 
were in MSS 6 for the southeast aspect. However, the highest 
individual radiances were for MSS 7, which was quantized to 64 
levels, half the quantization level of the other three channels. 

The northwest- aspect moderate-slope radiances for MSS 6 and MSS 7 
were higher than the steep-slope radiances for the same aspect. 

Three distinct ranges of mean pixel values were obtained for the 
three slope-aspect classes for MSS 6 and 7. Fo;: MSS 6 a difference 
of 17 pixel values separated the mean values for the sites associated 
with the southeast and northwest aspects. Such a large range indicates 
that selection of training sites for cover classification from one 
slope-aspect location may not adequately describe the radiances 
from the same cover from other locations. The degree to which this 
may affect the classification results depends largely on the location 
and distribution of other cover-class radiances within the classification 
feature space. 

Six sample transects of Landsat data across the mountain ridge were 
taken to examine the topographic effect in detail and to assess the 
statistical relationship between the Landsat radiances and the 
data derived with the proposed models. The statistical relationshio 
between the radiances and the data derived from the models was 
assessed for each transect with Pearon's product-mounted correlation 
coefficient. The correlation coefficient gives an indication of the 
strength of the linear relationship between two variables. Correlation 
coefficients (r) were insignificant at the O.CS level for MSS 4 and S 
for all three models. Strong positive relationships (r>0.84) were 
found for data derived with the Lambertian and non-Lambertian models, 
and. a strong negative relationship was found for data derived with the 
modified Lambertian model for all transects. There was no substantial 
difference in the size of the r values among the three models. 

Coefficients of variation (CV) indicated a greater variation in the ^SS 
7/5 ratio that in the MSS 6/5 ratio, because of the higher 
variation in MSS 7. The CVs for MSS 6/5 and 7/5 ratioes decreased 
slightly from the CVs for the raw MSS data for three out of six transects 
The poor reduction in the topographic effect by the MSS 6/5 and 7/5 
ratios is due to the negligible variation in MSS 5. The relatively 
constant radiance in MSS 4 and MSS s is associated with the high 
absorption of the green leaves of the deciduous woodland and means 
that ratioing is effectively divMing MSS 7 and MSS 6 bv a constant 
value. 

Application of the Lambertian model to the data to reduce the topograhic 
effect (i.e. , division of each pixel by cos i) led to a large increase 
in the CV for each transect over the variation for the raw data. '^his 
increase in the CVs is presumably due to the inapplicability of the 
Lambertian assumption for the woodland cover type in question. A 
modified Lambertian model was a considerable improvement o\’er the 
Lambertian model in reducing the topographic effect, but for all 
transects, it increased the topography-induced variation above that 
found in the raw Landsat data. The CVs for the non-Lambertian model 
were markedly smaller than the CVs for raw MSS 6 and 7 data. The 
m.aximum reduction in the CV’’s was from 10.5 to 3.9 for MSS 6 and from 
15.0 to 4.0 for MSS 7. The non-Lambertian model was shown to be the 
best correction procedure for reducing the topographic effect. This 
model reduced the difference between the mean values of the test sites 
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(slopes) by approximately 86% for MSS 6 and 7. 

SIGNIFICANCE 

1. Spectral-band ratioing (MSS 7/5, MSS 6/5) slightly decreased 
the variation of the Landsat data for 50 per cent of the transects. 
Because of the small variation in MSS 5, ratioing could not eliminate 
the direct-light topographic effect^ as the denominator of the ratio 
was virtually constant. This reasoning also may explain the poor 
]^Q 3 \jIts obtained by with band— ratioing technigues. 

2. When applied to the Landsat data, the Lambertian model 
increased the topographic effect. This degradation of the radiance 
is due to the inapplicability fo the Lambertian assumption to model 
the bidirectional reflectance characteristics of the woodland surface. 

3. The modified Lambertian model developed, decreased the 
variation produced by applying the _ Lambertian model but gave even 
higher variances than those found in the raw Landsat data. 

4. The non-Lambert ian model developed, markedly decreased ( 86 
per cent) the variation of the Landsat data, and, therefore, reduce . 
the topographic effect. 

5 ^ ;\lthouqh the non-Liimbertian model did not completely eliminate 
the topographic effect, it considerably reduced the variation. The 
difference between the mean pixel values associated with the two extreme 
slope-aspect sites was reduced from about 86 per cent in MSF 6 and 7. 

In conclusions, this study has demonstrated that high-quality digital 
terrain data such as the USGS DEM data can be used via modelling to 
enhance the utility of multispectral satellite data. Digital 
terrain data can be used to develop and test improved radiative transfer 
models, which, in turn, may lead to improved cover classification of 
Landsat data. 

FUTURE EMPHASIS 

Further development of the existing model is required for application 
of the technique to more complex surf ace-cov’er conditions. 
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K. A COMPARISON OF THE REFLECTIVITY OF TF^ - A WASHABLE 

SURFACE - V^ITH THAT OF BaSOj 

by 

J.E. Schutt and B.M. Holben 


OBJECTIVES 

To check; the utility of the hydrophobic and soiling resistance 
properties of TFE in the preservation of its optical properties, 
a series of optical measurements in conjunction with a soiling- 
cleansing cycle were carried out. 

BACKGROUMD 

Numerous white diffusely reflecting materials and coating compo.it ions 
have been developed and applied in novel ways for use in radiometric 
calibration procedures and in bidirectional reflectance measurements 
as, for example, are carried out in conjunction with remote sensing 
studies. Some of the more studied substances are magnesium oxide, 
both smoked and pressed forms, pressed magnesium carbonate, barium 
sulphate either pressed or bound together with polyvinyl alcohol 
(PVA) or potassium sulphate, sodium chloride, sulfur (highly reflective 
in the IR) and alpha aluminum, oxide either singly or admixed with 
magnesium oxide and bound with an alkali-metal silicate. Of t.»ese 
compositions, barium sulphate weakly tethered with a water soluble 
form of polyvinyl alcohol has received widest acceptance. For other 
than laboratory applications, however, a standard reflective diffuser 
is required whose infrared reflectance is not sensitive to changes in 
humidity, and whose initial reflectance can be recovered once is has 
been soiled by rinsing with a spray of demineralized water . We have 
attempted to formulate Halon into a coating composition for application 
by spraying rather than by tamping into a lubricant matrix. Specifically, 
we chose to diperse the TFE in a methyl acetate concentrate of vinyl 
acetate-alcohol copolymer, which was diluted for heavy loading with 
TFE using ethyl alcohol, a low residue vehicle. After application, 
the ratio of binder solids to TFE was about 1 to 111. 

RECENT ACCOMPLISHMENTS 

The TFE coating, for which the formulation is disclosed above, was 
evaluated optically under field and laboratory conditions in three 
states: as apolied, after being rolled to reduce porosity, and after 

being covered with earth, shaken sufficiently to force particles in 
to a portion of the existing pores, and sorayed vigorously v;ith 
demineralized water to flush debris from the pores. After trail 
applications of the coating a thickness of 0.4S to 0.50 mm was 
decided upon in order to optimize physical properties. _ The coating was 
applied over aluminum surfaces primed with aluminum oxide in potassium 
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silicate, Dow-Corning 2-6075 primer and an unprimed surface. These 
surface preparations were for the purpose of comparing reflectances, 
since the TFE is transparent and recommended for use at 6 mm and 
promoting adhesion. For comparison purposes laboratory measurements 
were carried out for BaS 04 . PVA, while under field conditions 
measurements on BaS 04 . PVA were bracketed by measurements on TFF,. 

Absolute reflectance measurements were made in the laboratory from 
0.36 to 2.5 ym using a Beckman DK-2A spectrophotometer outfitted 
with a Gier-Dunkle integrating sphere. Figure 9K-1 compares the 
reflectances of sprayed TFE with itself after being covered with 
earth and washed, and with BaS 04 . PVA. Table 9K-1 lists reflectance 
values for all treatments and surface preparations at the central 
wavelengths of each of the six Landsat-D thematic mapper bands: 

0.45-0.50 ym (TMl) , 0.52-0.60 ym (TM2), 0.63-0.69 ym (TM3) , 

0.76-0.90 ym (TM4) , 1.55-1.75 ym (TM5), and 2.08-2.35 ym (TM6). 

BaS 04 . PVA data are included for comparison purposes. Note that 
the aluminum oxide primer gives the maximum reflectance indicating 
that the coating is not totally opaque; rolling has little effect; 
rolling and washing reduces reflectance by about 0.5 percent. 

Comparing the soiled and washed surfaces of the rolled and unrolled 
samples, it appears that the unrolled surface is more resistant to 
soiling and is cleansed more readily; BaS 04 . PVA has a higher 
reflectance than our TFE preparation by about 2 percent except at 
2.21 ym. 

Field data collection was carried out using a three channel radiometer 
filtered to display irradiances from thematic bands 3, 4 and 5 (listed 
above). The radiometer, adapted for mounting either an HN22 or an HP. 
Polaroid polarizer, was mounted in a nadir looking position on a 
small gantry such that it viewed a tiltable support from about 1 m 
on which was mounted one of the reference panels. The radiometer 
support apparatus was rotated with the sun such that the radiometer 
viewed the sloping reference surfaces only in the principal plane of 
the sun, i.e., the plane of maximum observable radiance range for a 
nadir pointing sensor. 

The reference panel was tilted from horizontal at a 50*^ slope in 10° 
increments. At each increment, a polarizing filter was rotated clock- 
wise through the sequence of angles 0®, 45*^, 90®, 135®. The 
transmission axis was set at 0®. Spectral data were taken at each 
g j^ope/po lar i z at ion angle combination. Approximately three minutes 
were required to complete a data set. To account for the slight 
apparent movement of the sun in comparing spectral radiance of TFE 
to' RaSOd , a TFE- 3 aS 04 -TFE sequence was followed requiring approximately 
9—10 minutes to complete. All data were taken under cloudless and 
relatively haze-free conditions on July 30, 1980 near Beltsville, 
Maryland. 
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The reflective characteristics of the surfaces were evaluated 
by comparing the standard deviations (s) and coefficients of 
variation (CV) of the means of the first Stokes parameter normalized 
for incidence angle. The average value of the two TFE data sets 
were calculated for comparison with BaS 04 for each treatment 
(Table OK-2). The differences in the coefficient of variation of 
the TFE relative to the BaS 04 ( ACV) was calculated (Table 9K-2). 
Examining any of the three channels showed that the ACV was no 
greater than 1.69 percent regardless of treatment. Inspection 
of individual channels between treatments indicated no trends in 
the ACV. The evidence strongly suggests that a TFE reference panel 
may be periodically washed without significantly altering is radiance 
values when compared to the BaS 04 . PVA monitor data. 


The reflective properties were statistically evaluated by examining 
the means and standard deviations of the polarizations at the 
95 percent confidence limit (Table 9K-3). As the mean of the polarization 
component approaches zero, the reference surface becomes more 
diffuse. Inspection of the data by treatment reveals that the 
polarized component is less than 1.6 percent in the case of TFE 
and less than 1.7 percent for BaS 04 . App]ying confidence limits 
showed that 95 percent of all t’FE radiometric observations would 
have a polarization component of less than 2.7 percent for all 
treatments, less than the 3.6 percent predicted for BaS 04 paint 
(Table 9K-3). These same data showed there to be less than a 1 percent 
difference in the polarization component for 95 percent of the 
observations between TFE treatments. There was no evidence indicating 
that the polarization component of TFE was any different from 
BaS 04 or that any TFE treatment had polarization characteristics 
different from, the others under field conditions. 

SIGNIFICANCE 

In general it was apparent from these data that the reflective properties 
of TFE were comparable to BaS 04 and that no distinction could be made 
between the optical properties of TFE sprayed, TFE lightly rolled 
or TFE washed under field conditions. Laboratory analysis indicated 
that RaS 04 . PVA was approximately 2% more reflective and that there 
was no advantage to lightly rolling TFE. 

This study indicates that '^FE has recoverable reflective properties 
after soiling through washing with demineralized water. T^nlike 
RaS 04 . PVA, TFE may be used as a reference standard in remote 
sensing applications after repeated soiling - washing cycles. 

FUTURE EMPHASI.S 

Evaluation of the stability of RaS 04 . PVA vs '^FF are being 
conducted under various irradiational levels over time. Additionally 
the Lambertian characteristics of each must ne compared. 


i 
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Table 9K-1. Reflectance values at thematic mapper wavelengths for 
TFS, treated samples, of TFE and RaSO^ . PVA. 


Sample- 

Treatment* 

0 . 485um 

0 . 560u m 

0 . 6 6 0 u m 

0 . 830um 

1. 55ym 

2 . 2 l;i m 

TFE- 1 

95.6 

95.7 

95.6 

94.0 

91.9 

88.9 

TFE- 2 

93.9 

94.2 

93.9 

92.2 

90.6 

88.4 

TFE- 3 

94.1 

94.3 

94.2 

92.5 

91.3 

89.2 

TFE-IR 

95.8 

95.3 

95.5 

93. 8 

91.1 

87.9 

TFE-2R 

94.6 

94.1 

94.1 

92.5 

90.7 

88.7 

TFE-3R 

95.0 

94.6 

94.5 

93. 1 

91.4 

89.2 

TFE- IRW 

94.6 

94.8 

94.9 

93. 8 

91.0 

87.9 

TFE-2RW 

9 4.1 

93.9 

94.2 

92.9 

91.3 

89.1 

TT^E- 3P.W 

94.7 

94.0 

94.2 

92.4 

90.6 

88. 7 

TFE-1 

95.9 

95.7 

95.8 

9 4.1 

91.7 

88.6 

TFE- 2 

94.5 

93.5 

94.1 

92.5 

90.6 

88.4 

TFE- 3 

94.5 

94.0 

94.2 

92.7 

91.1 

89.1 

TFE- 1’'? 

95.6 

95.4 

95.4 

94.0 

91.2 

87. 8 

TFE-2W 

94.8 

94.1 

94.0 

92.6 

90.7 

88.8 

■^FE- 3W 

95.2 

94.9 

94.7 

93.0 

91.4 

89.4 

BaSO.-l 

4 

97.5 

97. 3 

97. 5 

96.2 

93.6 

87.8 

BaSO.-A 

4 

97.0 

96.9 

97. 1 

95.7 

92.9 

87. 7 


*Al202 potasium silicate = 1, Z-6075 primer = 2, 

untreated = 3, R = rolled, '<7 = soiled and washed, A = acrylic 
primer 
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Table 9K-2. Means (X), standard deviations (s), coefficient of 

variation (CV) and differences between the BaS 04 and 
TFE coefficient of variation (ACV) calculated from the 
first Stokes parameter for each TFE treatment. 


BaSO^-1 



X 

s 

CV 

ACV 

X 

s 

CV 

TM3 

35.9 

2. 14 

5.96 

-1.69 

37.6 

2. 50 

6.65 

TM4 

93. 2 

8. 07 

8.66 

+ 1.54 

98. 7 

7.03 

7. 12 

TM5 

10.8 

1. 16 

10.74 

+0.0 3 

11. 2 

1. 20 

10.71 


TFE- IP 





BaSO- 

4 

-1 


X 

s 

CV 

ACV 

X 

s 

CV 

TM3 

36.9 

4.52 

12. 24 

-1.23 

38. 3 

5. 16 

13. 47 

TM4 

96.6 

4.80 

4.96 

-0.67 

101.9 

5.74 

5.63 

TM5 

9.58 

0.52 

5.42 

-0 . 18 

10.0 

0 . 56 

5.60 


TFE-IRW 





BaSO. 

4 

-1 


X 

s 

CV 

ACV 

X 

s 

CV 

TM3 

38.2 

3. 0? 

8.06 

+ 1. 38 

40. 1 

2.68 

6.68 

'T'm4 

95.5 

C. 59 

8.99 

+ 1.61 

102. 1 

7.54 

7. 38 

TM5 

11.0 

1. 22 

11.09 

-0.15 

11. 3 

1.27 

11.24 


* 1 = A1,0 

^ and 

potassium 

silicate 

primer 




R = Rolled 

W = Soiled an'^ Washed 



Table 9K-\ Means (X), standard deviation (s) and 95 percent 

confidence limits calculated from polarization data 
for BaSO^ and treated TFE surfaces. 



TFE-1* 




BaSO.-l 

4 



X 

s 

95% 

X 

S 

95% 

TM3 

0.0145 

0.0061 

2.67 

0.0174 

0.0094 

3.62 

TM4 

O.OlOP 

0.0052 

2.12 

0.0121 

0.0055 

2.31 

TM5 

0.0134 

0.0049 

2. 32 

0.0122 

0.0049 

2.20 


TFE-IR 




RaSO -1 

4 



X 

s 

95% 

X 

s 

95% 

TM3 

0.0125 

0.0053 

2. 31 

0.0114 

0.0042 

1.99 

TM4 

0.0064 

0.0044 

i. 52 

0.0041 

0.0031 

1.03 

TM5 

0.0112 

0.0040 

1.92 

0.0060 

0.0041 

1.42 


T»^E-1W 




PaSO^-1 

4 



X 

s 

95% 

X 

s 

95% 

TM3 

0.0159 

0.0053 

2.62 

0.0151 

0.0048 

2.47 

TM4 

0.0066 

0.0028 

1.22 

0.0069 

0.9019 

1.06 

TM5 

0.0137 

0.0030 

1.97 

0.0168 

0.0036 

2.40 


*1 = and Potassium silicate primer 

R = Rolled 

W = Soiled and Washed 
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Figure 9K- ]. Peflectance vs Wavelength for three reference surfaces. 
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f L. THE GSFC MARK- I I THREE BAND HAND-HELD RADIOMETER PROJECT 

by 

* 

i C.J. Tucker and Jones 

OBJECTIVES 

To develop and produce a simple, self-contained, portable, hand 
held radiometer designed for field use. 

BACKGROUND 


’ The applications of remotely sensed data for environmental monitoring 

have increased substantially since the launch of I.andsat-l (formerly 
I (ERTS-1) in 1972. The uses of this new technology have extended 

, into many disciplines where the unique features of satellite remote 

I sensing can be employed to address various resource questions. The 

I majority of remote sensing research to date has utilized Landsat 

I data. Several workers have corn*:* to realize that ground-based ^ situ 

remote sensing studies were needed to better understand the basic 
\ relationships between natural materials and reflectance or radiance 

I as a function of wavelength. This realization resulted from the 

apparent fact that Landsat MSS imagery is not an optimum method of 
conducting more basic remote sensing research of natural materials. 

I The difficulties of concurrently sampling ground experimental areas 

of 0.4 ha, quantifying atmospheric variability, compensating for sun 
angle effects, accounting for instrument responses, etc., and the 
interaction (s) between these sources of experimental variation are 
considerable. 

Ground-based spectrometers have been utilized by several research 
groups in an attempt to collect iji situ spectral reflectance data. 

These efforts have largely been successful and, at the same time, 

I have demonstrated the limitations of spectrometers. The limitations 

include the cumber some ness of spectrometers, the cost of maintaining 
and operating of these devices, and the lack of mobility, among 
other factors. It should be clearly understood that spectrometers 
do provide basic information about natural materials and their 
resulting reflectances as a function of wavelength. This is not only 
important per ^ but has provided the experimental basis for the 
development of hand-held radiometers. 

Hand-held radiometers, as used in this report, refers to a discrete 
waveband device which can be hand carried and operated. These 
instruments are spectraly configured by placing a filter in the 
pathlength of the detector(s) in question. For example, the three- 
band device described in this report has 2 silicon detectors (sensitivity 
i range 0.4 - 1.0 v^m) and one lead sulfide detector (sensitivity range 
, 1.0 - 3.0 urn). By placing interference filters of 0.63 - 0.69 nm and 
- 0.76-0.90 urn in the pathlength of the silicon channels and a 

l.'>5 - 1.75 urn filter in the pathlength of the lead sulfide channel, 
the resulting device is configured spectrally to thematic mapper 
band TM3, TM4 and TM5. The three band device described in this report 
was intended primarily to support Landsat-D's thematic mapper by 
in situ data collection. 
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RECENT ACCOMPLISHMENTS 


A self-contained, portable, hand-held radiometer designed for field 
useage has been constructed and preliminarily tested. The device, 
consisting of a hand-held probe containing three sensors and a 
strap supported electronics module, weighs 4H kilograms, is powered 
by flashlight and transistor radio batteries, utilizes two silicon 
and one lead sulfide detectors, has three liquid crystal displays, 
sample and hold radiometric sampling, and the spectral configuration 
of the device corresponds to Landsat-D's thematic mapper bands TM3 
(0.63 - 0.69 urn), TM4 (0.76 - 0.90 urn) and TM5 (1.55 - 1.75 urn). 

The device was designed to support thematic mapper ground-truth data 
collection efforts and to facilitate situ ground-based remote 
sensing studies of natural materials. Prototype instruments have 
been extensively tested under laboratory and field conditions with 
excellent resutls obtained. 

Forty- five instruments have been manufactured as of June, 1980 and 
are in field operation throughout the United states and elsewhere in 
Senegal, Thailand, France, and South Korea. Users in the U.S. include 
the USDA, various universities, and a sugar growers cooperative in 
Hawai i . 

In addition, four instruments have been modified slightly and are in 
use in various museums to study light-caused deterioration of 
valuable museum objects. Museums involved include the North Carolina 
Museum of Art; the Smithsonian Institution, Washington, nC; 

Winterthur Museum, Wilminton, Delaware; and Carneggie-Mellon Institute, 
Pittsburg, Pennsylvania. 

SIGNIFICANCE 

A relatively inexpensive instrument designed for extended field use 
by agronomists, ecologists, and other ground-based remote sensing 
researchers has been built, tested, and placed in the hands of researcher 
workers. Modifications to the instrument have resulted in a companion 
museum testing program as well. The significance of this project is 
the availability of a $5,000 instrument which has the capabilities 
of instruments costing several times this amount. 

FUTURE EMPHASIR 

A report describing the instrument has been accepted for publication 
by Science. The production (and sales) of the instrument has been 
transferred to a small business concern in Beltsville, Maryland. 

REFERENCES AND PUBLICATIONS 

Tucker, C.J., W.H. Jones, W.A. Kley, and F.J. Sundstrom. 1981. "The 
GSFC Mark-Il Three-Band Hand-Mcld Radiometer". GSFC TM-80641, 29 pp. 

Tucker, C.J., W.H. Jones, W.A. Kley, and G.J. Sundstrom. 1980. "A 
3-Band Hand-Held Radiometer for Field tJse". Science (in press). 
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AN off-nadir viewing FIELD INSTRUMENT 

by 

D.W. Deering 


OBJECTIVES 

The purpose of the Instrument development activity 

is t^huild a highly mobile field instrument that will enable very rapid 
«d“nce m«LreLn« in selected spectral channels for numerous 
viewing angles. 

BACKGROUND 

Sensor viewino geometry can have a significant affect on the resultant 
mrasuremrnts if^pectral radiance - IIT.I ^ 

pLfttons !nd scene element orientations These 
coupled with atmospheric effects, make the prediction 

viewing effects extremely difficult. Intensive data collection and 
scene modeling research are needed to understand and predict the 
e f fects . 

Sensor view angle effects on current earth resources satellites 
are largely ignored due to the relatively small 

example, on the Landsats the scan angle is only + 5 . 50 . On the 

Landsat-D Thematic Mapger the scan angle will be aives rise 

However even the +5.5® scan angle of Landsats 1, 2 and 3 gives rise 

loi Icross imige variation in MSS4 on March 22 and a 25» change in 
Jotal radiance on J^e 22 at 30°-40° N latitude. ^ 

the June 22 radiance variation across the image will be increased 
to 35% (Parker, et al. , 1976). Atmospheric path radiance changes 
Jn fflnadfr Viewing a^e sufficient to cause f 

of recognition results unless corrections are applied (Turner et al., 

1974) . 

The differential bidirectional reflectance response due to viewing 
geometry effects for plant canopies has been well docui^nted and 
Lmmarized by Smith and Ranson (1979). Most of the 

reflectance data, however, are too limited or suffer from insufficine 
controls or lack of supporting data to make them useful for predictive 
^SeUng and scene synthesis. The capability for obtaining adequate 
spectral measurements of scenes for obtaining the bidirectional 
reflectance distribution function (BRDF) , which is necessary 
modeling and scene simulations, is severely limited by instrumentation. 
Conseguently, in order to enable the acquisition of scene radiance 
Lta Suitable for determining the DRDF for a largo number of vegetation 
types under a wide variety of conditions, the AIRMASS (Anisotropic 
Irradiance and Radiance Measurement Apparatus for Spectral Sampling) 
instrument is being developed. 
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RECENT ACCOMPLISHMENTS 

Tn nrder to obtain adequate bidirectional reflectance field data 
for scene modeling it is necessary to obtain 

at numerous, accurately positioned nadir and off-nadir fJJ 

rapidly enough to prevent any changes in the sky or 
thrsaSJlDlinrperiod. It is desirable also to sample the incident 
radiation at various angles and to sample at several important 
wavelength bands simultaneously. 

Portability of the instrumentation is an important consideration 
because it^must be capable of being taken into large . 

^or plant communities) and easily manageable ® 

obtain a statistically adequate number of 

the true bidirectinal effects. It is also desirable tha 

portable enough to travel to different regions for 

types of vegetation and even for mounting on airborne 

more synoptic scene sampling. Thus , a compact 

contained instrument is desirable. These were among the 

of GSFC Code 923 Scientists and Code 944 Engineers for designing t 

AIRMASS instrument. 

The AIRI4ASS instrument is basically a 3-channel, rotating head 
radiometer consisting of three primary units, the sensor head, 
data recording unit, and power pack (Figure .f-l). 


The sensor head is composed of a motor-driven two-axis gimbel on 
which three detector units are mounted. The three detectors 
include two silicon and one germanium solid state detectors, w. ic 
are initially configured to correspond with Thematic Mapper spectra 
bands 3, 4 and 5 (.63-. 69 urn, .76-. 90 urn, and 1.55-1.75 urn), 
^-^soectively . The detector cones confine their individual 
view to 15°. The two-axis, two-motor rotation of the head enables 
a near-complete sampling of the entire sky/ground sphere. There is a 
15° exclusion area toward the mounting device due to mechanical 
limitations . 

The data recording unit is a small suitcase-sized box (1 ft. x 1 ft. 

X .75 ft.) containing the tape recorder, control panel and electronic 

circuits . 

The scan svstem is designed such that sampling can be done in a 
continuous' helical pattern or in circular, stepped increments. The 
data is recorded serially in digital form. There is also a nadir 
"calibrate" hold position. In ths helical sampling mode a complete 
data set can be taken in only 22 seconds followed by a one minute 
data dump to the tape recorder from the buffer. A minimum of twenty 
data sets can be stored on one tape. 

The power supply unit is carried separately and is a 12 volt sealed 
lead-acid battery with a 25 ampere-hour capacity. The battery is 
approximately "six-pack" sized, and could be mounted to the data 
recording unit for ease of transport. A smaller battery pack is being 
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evaluated which could be built into the data box. 


The sensor head can be mounted at the end of a tripod mounted 

onoh supported at the end of a truck boom, 

such as a cherry picker . Because of its portability and self 

contained power supply it would be amenable to mounting on various 
other platforrns including helicopter, airplane, etc* 

The sensor head weighs 7 lbs. The data recording unit weighs 
approximately 10-13 lbs. The tripod with extension pole and 
2 3^1bs'*^^^^^^ about 30 lbs. The large detached battery pack weighs 

The AIRMASS instrument designing has been completed and component 
parts are currently being fabricated. It is anticipated that the 
instrument will be assembled in January and February 1981 and ready 
for operational field use by late March 1981. ^ 

SIGNIFICANCE 

The AIRMASS instrument will enable rapid off-nadir sky and scene field 

result in significant imorovement in 
the quantity ana quality of bidirectional reflectance data, which 
will increase scene understanding and allow more reliable scene 
modeling for predicting off-nadir viewing effects. 
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CHAPTER 10 


HYDROLOGICAL SCIENCES 


edited by 

Beverly K. Hart line 

OVERVIEW 

Recent research in the Hydrological Sciences has concentrated on developing 
or applying remote sensing capabilities in three areas: monitoring soil 

moisture, monitoring snowpacks, and predicting river flow and flood hazard. 
In addition, we are demonstrating the value of satellite-borne sensors for 
studying the hydrological regime in parts of the world that are fairly 
inaccessible, for example, the Arctic. 

SOIL MOISTURE 


Our soil moisture research program focuses on developing the techniques and 
sensors that will allow the spatial and temporal variations of soil moisture 
to be determined remotely. Accurate information on soil moisture is 
important for managing water resources, monitoring crop vigor, forecasting 
crop yield, and assessing erosion potential. Moreover, soil moisture 
influences the weather and climate because it is a boundary condition for 
atmospheric processes. Since the amount of moisture in the soil is one 
factor controlling the emission and reflection of radiation from the ground, 
there exists a potential for monitoring soil moisture from space. 

Our contribution to the soil moisture research effort* is to develop theoretical 
models of the electromagnetic (especially microwave) signature of soil moisture 
and to perform field and aircraft experiments to acquire the data needed to 
validate those models. By this method we hope to zero in on a sensor combination 
that allows the amount of moisture in the soil to be inferred accurately. 

In analyzing the data and in refining the models, the real challenge has been 
and remains to extract information about soil moisture from the radiation 
emitted and/or reflected from the soil surface. The problem is that other 
features, such as vegetation and surface roughness, affect the signal from 
the soil moisture. Furthermore, the inherent variability of soil moisture 
limits the accuracy of ground truth measurements. 

We have reached the point where we are fairly confident of our modelling 
and interpretation of the microwave response for a wide range of soil condi- 
tions. Consequently, we have begun to focus our field and theoretical 
studies on the more difficult and more practical problem of using the remotely 
sensed measurements of surface moisture to estimate the moisture content of 
the entire root zone. 


*Soil Moisture studies are part of a multiagency, cooperative project 
(AgRlSTARS — Agriculture and Resources Inventory Through Aerospace Remote 
Sensing). The approach and direction of NASA’s soil moisture research is 
guided by a research plan (PRISMS — Plan of Research for Integrated Soil 
Moisture Studies). 
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A. AIRCRAFT REMOTE SENSING OF SOIL MOISTURE 
AMD HYDROLOGIC PARAMETERS 

by 

P. £• O’Neill, T. Schmugge and J. Wang 

OBJECTIVE 

The objective of this cooperative investigation with the U,S. Department of 
Agriculture (USDA) Beltsville Agricultural Research Center (BARC) is to examine 
the ability of airborne microwave sensors to detect variations in soil moisture 
content. An eventual goal is to evaluate the capability of remote sensing 
to supply soil moisture data needed by water resource agencies to predict 
runoff and to evaluate irrigatioi requirements. 

BACKGROUND 

Since microwave emission or backscatter from a terrain surface is largely 
dependent on its dielectric properties, the possibility of measuring soil 
moisture rests upon the large disparity in the dielectric constant of water 
and soil. Aircraft platforms provide an opportunity for making large-scale 
simultaneous observations of soil moisture over a wide range of surface conditions 
which may be encountered in water resource applications. 

During the past few years a series of aircraft data flights were arranged over 
several agricultural test sites in semi-arid regions of Oklahoma and South 
Dakota and in humid regions of Georgia and Florida. Ground measurements of 
near-surface soil moisture, soil temperature and surface vegetation cover were 
coordinated with overflights by a NASA C-130 research aircraft equipped with 
visible, infrared, and passive and active microwave sensors. 

RECENT RESULTS 

Analysis of the aircraft data demonstrates that L-band (1.4 GHz, 21 cm wavelength) 
microwave radiometers reliably respond to soil moisture content in the top 
5 cm of the soil. Correlations of approximately -0.88 (r^ * .78) have been 
obtained between microwave brightness temperature and soil moisture for the 
South Dakota test site independent of vegetation cover. For the Oklahoma 
and Georgia/Florida sites the correlation was - -0.7 (Figure lOA-i). When 
these data are separated by land use or crop types, correlations in most 
categories increase. Results using data from the aircraft’s active microwave 
scat terome ters indicate that the best relationship between microwave backscatter 
and near-surface soil moisture is obtained a. C-band frequency (4.75 GHz, 

6.3 era wavelength) at an incidence angle of 15^ off nadir (Fig, lOA-2). 

These results confirm the active microwave soil moisture research conducted 
by the University of Kansas. 



FUTURE EMPHASIS 


collected during thtee NASA elFcre£t flights this siUDmet over very dry 
test watersheds in Oklahoma complement measurements obtained from these same 
watersheds under moist conditions in 1978. Now that a complete range of 
soil wetness conditions and different environments have been sampled, the 
field observations are being used to refine and validate microwave emission 
models. Future effort will focus on the effects of vegetation cover/crop 
type and non>homogeneous terrain on the response of microwave sensors to 
varying levels of soil moisture. 

PUBLICATIONS 

Soil ^k>lsture Sensing with Microwave Radiometers," by T. Schmugge, long paper 
presented at the 6th Purdue Symposium on Machine Processing of Remotely 
Sensed Data, Lafayette, Indiana, pp 346-354, 1980. 

"Aircraft Remote Sensing of Soil Moisture and Hydrologic Parameters," by T. 

J. Jackson, T. J. Schmugge, G. C. Coleman, C. Richardson, A. Chang, J. 
Wang and E. T. Engman, USDA/SEA Agricultural Research Results ARR-NE-8. 
1980. 

"Active Microwave Measurements for Estimating Soil Moisture in Oklahoma," by 
T. J. Jackson, A. Chang, T. J. Schmugge, paper presented at the Fall 
Technical Meeting of the American Society of Photogrammetry , 1980. 

"Spatial Relationships of Surface Soil Moisture," by T. J. Jackson and T. J. 
Schmugge, submitted for publication to Journal of Hydrology, 1980. 

"Analysis of Surface Moisture Variations Within Large Field Sites," by K. R. 
Bell, B. J. Blanchard, T. J. Schmugge, and M. W. Witezak, 

Water Resources Research, 16, 796-810, 1980. 

"Estimation of Soil Moisture with API Algorithms and Microwave Emission," by 
B. J. Blanchard, M. J. McFarland, T. J. Schmugge and E. Rhoades, 
submitted for publication to Water Resources Bulletin, 1980. 
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Figure lOA-1. Comparison of 21 cm emissivities measured from an aircraft platform. These data 
were obtained from 9 flights during 1976-1978 over Hand County, South Dakota. 

The dashed line is the regression result for data obtained over a Phoenix, 
Arizona site. 



0-5 cm SOIL MOISTURE IN WEIGHT PERCENT 




SOIL MOISTURE 0 to 5cm 



SOIL MOISTURE 0 to 3.9cm 



incidence angle CO«or««a) 


3 q. 

u (fi ^ 
0) CQ ”0 

U 0) 

ecu 

0 0> 3 


f-« ^ O 

0> u-t s 

u 0> 

V4 O 

o u 
o O 
ofi Cfl 

u C 

cd •*-( 

V u c 
C OJ 0) 


cd 

(U a 
x: « *H 
u M ^ 
a 

U-4 Cd 
0^0 
4-1 

c u 

O ^ T3 
-T3 C 
u) (d cd 
cd va ^ 
*r4 

l-i <D TJ 

<d -c c 

> u (d 


10-7 


«/VAbl*'T 



B. 




f 


GROUND-BASED MEASUREMENTS OF SOIL MOISTURP 
THROUGH A VEGETATION CANOPY 


by 


P. E. O'Neill, T. Schmugge and J. Wang 


OBJECTIVE 


Sd lit] Ooddatd Space Flight Center (GSFC) experiment (codes 924 

^ U.S. Department of Agriculture/Beltsville 

thl It Research Center (USDA/BARC), is to understand quantitatively 
the effects of sensor parameters such as frequency. oolariLtion and anLe 
of incidence, and target parameters such as moisture content surface 

roughness and veptation cover on the ability of microwave radiometers 
to determine soil moisture content. lauiomecers 


BACKGROUND 


Microwave emission data were acquired under controlled conditions by GSFC’s 
truck-mounted microwave radiometers at 1.4 GHz and 5 GHz over both bare and 
vegetated fields at the USDA/BARC test site. Soil at the test site is a sfndv 
loam, and vegetation covers include grass, soybean and corn. Due to ^ 

unavoioable constraints, field data collection consisting of measurements of 
microwave emission, soil moisture content, soil temperature aH ^ege^^tL 
biomass was limited to October 1979. vegetation 


RECENT RESULTS 




results St 1.4 CHt agree fairly well with radiative 
sfer TOdel calculations with appropriate values for surface roughness 

USDA/BARC site is similar to the soil in a soil moisture test area studied bv 

ofdifferent ? researchers in 1979. for the first time the perfo^Lnce 

AiPk 1.4 GHz microwave radiometer systems can be directly comnared 

Although acquired under a different range of soil moisture coS^Uionr ^h^ 
two data sets are consistent with each other in that they demonstrate ’the 

l-prralura and soil nolsture 


^e presence of a vegetation canopy was found to produce higher microwave 

temperatures than those expected from a bare field, thus reducing 

this°sen^^ft^?f ^ underlying soil moisture content. At 1.4 GHz 

is sensitivity reduction ranged from about 20 percent for 10 cm tall »rac« 
to greater than 50-60 percent for a dense soybean field; at ^g5z the " 

ranged from approximately 70 percent 
to 90 percent of the bare field case. Based on this study, the obscSrlnr 

iLrelsel uIth*^ldSo»,‘°''f ' response to soil Klsture 

as w u d : in n. isnr” " 
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FUTURE EMPHASIS 

reUtlonship. uslnj new 

July through September 1980. This yesr's’dry'f llld'^h Outing 

complement those obtained In 1979? «t Lu Mdifr'"'"'*! 
during the period of radiometric measurement predominated 

PUBLICATIONS 

^“SatirConteSr-'r “‘'i««‘<=/d™‘»lvuy Of Soils as a 
irans. Geoscl. Remote ^ 

"'" 1 :: “ricTu^.iiT'R ^aTVw*°N‘ ^ 

Ceostl. Remote Se^s.^o . geIis ! t JSS^IssS 

"The “iclectclc Pj'^Rccties of Soil-Water Mixtures at Microwave Frequencies " 
J. R. Wang, Radio Science . IJ,, 5 , 977 , 1930 . rrequencies, 

""“"i:ids!""::‘%'™:n‘r °/ <;<>"tcnt over Bare and Vegetated 

Letters . 7, W. Sof'. IMO.' "^"“"‘'ey. m. Ceophys. Res. 

""*“'F?eq:enc‘r"1 <;e"le"t Over Bare Fields at 1.4 GHz 

J. gLhv:. «;s" - “• accepted for publication by 

Thermal Microwave Em.lssion from Vegetated Fields- A rnmna-< d 

Theory and Experiment." J R Wanr i r qL" Comparison Between 

Dombrowskl. submitted for 'publicaflon ’ to ' iSf^aL r o"'' 

Sensing . 1980. ideation to IEEE_ Trans. Geosci. Remote 

"Remote Measure^nts of Soli Moisture by Microwave Radiometers at BARC Test 
T f’ J- McMurtrey. Ill, p. Lawless 

AgRISTARS Technical Report SM-GO-00471. l980 Carnahan. 

'*'^"RL'L^1e^\^^n°L"S^'SanV S^^Sh^" ^ CHz Radion«ters for Soil ^k>isture 
and W. Glarar. NASA TM I 2043 . GSFc] Nov!’‘'l‘980 . ^ ‘ 

Models for Predicting the Microwave Emission 
for publicitio^ t; SdioTi:nce^l98o"'^"''^ 

"^'"l^mug^! ^I^'?ech"L«o''85632^ «>y 

Sensing , GE-18 . 353- J61, 1980. — ^ Geoscie nce and Remote 
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Figure lOB-2. 
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Figure lOB-4. The Measured Brightness Temperatures Plotted Against the Incident Angles for Grasslands; (a) 30cm Tall Grass; (b) 10cm 
Tall Grass. The Smooth Curves (solid ones for 1 .4GHz and dashed ones for 5GHz) are the Calculated Results Assuming the Fields 
were Bare. Ts is Soil Temperature at Top 2.5 cm Layer. 


by 


n K Hall A. Rango and B. R* Hartline 
A. T. C. Chang. J. L. Foster, D. K. Hall, A. S 


OBJECTIVE 

The objective of this study is ‘*®^®^°^ite-bLne SntLL ^Our recent 

snowpack from observations made by sate^^^^^^^ that technique shows 

fro^is: forprrvrdtfg information on the water equivalent of snow. 
background 

„ac« stored in the enowpachs provides as -f 

supply for the uestern states ot the . ' j 3 ^ 53 , depth, density, 

tHrsnow water content, measurements these data are collected 

and free water content a« “SentiaU ^ isolated stations instrumented 

by skiers, by use of These data collection methods 

with pressure pillows or other -ex.sors.^ If/^ollected at points in selected 
are time consuming and near infrared sensors on-board 

snow survey courses. Recent y, information on snow-covered area 

the operational satellites have pre surface of the snowpack, 

/ry ^ iQ7S^ Bec3.use s^nsois cince luicrowavc sensors 

Sry*«ni!rl;asuro the water “‘.^treri-a- -LISerable Potential 

for monitoring snowpack PP°PO“ are sufficiently different from 

Moreover, the dielectric properties ot wat wetness of the snow— a 

those of dry snow crystals contained in the microwave emissions, 

measure of its readiness to melt is ai 


recent accomplishments 
In order to determine J'°^‘“ihe m^^oiavriniLaLlnns within the 

ro^ifk“ i ™rpL':c:tS^^^^^^ - recent 

developed to calculate the the measurements taken by truck- 

nur«aJor effort Is concentrated on water equivalent, 

:rro«pr;rirg":.rse “„^rrrmerts“wltn- predUtlonsfrom the mcvel. 
snow water equivalent *irh%re'«afured':nr:ar:^ eq^tvalent 

rraMrs'roc!! ^-^-g-rturwh'rn r:rparirdeep. 

measured and predicted values is J the poor correlation 

predicted and penetrates only approximately 1 

i, due to the fact that ^7 uncertainties in choosing the mean 

meter of snow. However, we suspect t disagreei^nt 

crystal size assumed In the 1 underlines the importance of grain 

tn the deep-snowpack cases. This tinui s 
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size, and suggests that it is one of the snow properties that ought to be 
measured in field studies of microwave emission from snow. 

FUTURE EMPHASIS 

This study will be extended to sample many different snow conditions. The 
theoretical model will be refined by utilizing data obtained by airborne 
and spaceborne microwave systems. 

REFERENCES AND PUBLICATIONS 

Chang, A. T. C., P. Gloersen, T. Schmugge, T. T. Wilheit and H. J. Zwally, 
"Microwave Emission from Snow and Glacier Ice," Journal of Glaciology, 
16, p 23-29, 1976. 

Chang, A. T. C., and J. Shiue, "A Comparative Study of Microwave Radiometer 
Observations over Snowfields with Radiative Transfer Model Calculations, 
NASA TM-80267, (in press). Remote Sensing of Environment, 1980. 

Chang, A. T. C., J. Shiue and A. Rango, "Remote Sensing of Snow Properties 

by Passive Microwave Radiometry: GSFC Truck Experiment," NASA Microwave 

Snow Property Workshop, NASA CP-2153, 1980. 

Chang, A. T. C., J. L. Foster, D. K. Hall and A. Rango, "Monitoring Snowpack 
Properties by Passive Microwave Sensors on Board Aircraft and Satellite, 
NASA Microwave Snow Property Workshop, NASA CP-2153, 1980. 

Foster, J. L.,^ A. Rango, D. K. Hall, A. T. C. Chang, L, Allison and L. 

Diesen, "Snowpack Monitoring in North America and Eurasia Using Passive 
Microwave Satellite Data," NASA TM-80706, (in press). Remote Sensing 
of Environment, 1980. 

Foster, J. L. , D. K. Hall, A. T. C. Chang, A. Rango, L. Allison and L. Diesen 
"The Influence of Snow Depth and Surface Air Temperature on Satellite- 
Derived Microwave Brightness Temperature," NASA TM-80695, 1980. 

Rango, A., A, T. C. Chang and J. L. Foster, "The Utilization of Spaceborne 
Microwave Radiometers for Monitoring Snowpack Properties," Nordic 
Hydrology, 10, p 25-40, 1979. 

Rango, A. (Editor), "Operational Applications of Satellite Snow Cover 

Observations," National Aeronautics and Space Administration, Washington 
D.C., NASA SP-391, 430 p., 1975. 


k-Mounted Microwave Systems 



Table lOC-2. Test of Theory Using Data from Aircraft Microwave System 




m M 


vertical; H = horizontal 


D. 


SNOWP ACK MONITORING USING PASSIVE M ICROWAVE DATA 
FROM NIMBUS SATELLITES 


by 

A. Rango, A. T. C. Chang, J. Foster and D. K. Hall 


OBJECTIVES 

This study was part of an affort to Incraasa the amount 
snow cover that is available from remote sensing. Its 
test the feasibility of using passive microwave sensors on 

Microwave Radiometer (SMMR; wavelengths 0.8, 1.4, 1.7, 2.8, and 
BACKGROUND 

the snow, even when the sky is cloudy. 

In principle, microwave the microwave 

to the microwave emibbivit> oi ^now, cner y 

microwave emission, known as brightness temperature ( g) • 

seUctud thtau study ataas: tha ^ ^st^n 

and Saskatchewan), the high plains of the . . ( „ a t-^ness temperatures 

rtrB”s?.r“'sfr„‘rtprs:r/if^rhrs:%:Lr";:-tompa?ad wftn snow duptha 

reported by meteorological observers on the ground. 

RECENT RESULTS 

Mlcrowava bti^htnass tumperatura appaats to bo ^ promising maasuta o£ »now 
depth under the dry snow conditions typical in these s.udy areas. g 

. Microwave brightness temperature decreases 

and water equivalent. Snow accumulation and depUtion at 
specific loLtions cause variations in passive 

brightness temperatures observed from Nimbus satellites. Qual 
itative monitoring of snowpack build-up and isappearcnce 
during the winter appears feasible in a given area. 
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• Since the snow was relatively shallow (less than 40 cm deep), 
the short wavelength ESMR (Nimbus 6) measurements and the 
short wavelength SMMR data produced the strongest correlations 
with snow depth. 

• Because different geographic areas have different snowpack 
conditions, ground cover, underlying soil conditions and 
surface temperatures, it is difficult to extrapolate relation- 
ships between microwave brightness temperature and snow depth 
from one area to another. 

• Passive microwave signatures of snow cover are not obscured by 
cloud cover and observations can be made at night. 

FUTURE EMPHASIS 

The challenge in the analysis of microwave emissions from snow lies in the 
fact that snowpack conditions are complex, continually changing, and that 
microwave radiation from snow is not completely understood. We plan to continue 
to explore empirical correlations between snowpack properties and brightness 
temperatures measured by the Nimbus satellites. in particular, we will exploit 
the multichannel feature of the SMMR to see whether important snowpack properties 
can be inferred from the multispectral signature of microwave emissions 
from snow. 

PUBLICATIONS 

Foster, J. L., A. Rango, D. K. Hall, A. T. C. Chang, L. J. Allison, and B. 

C. Diesen: Snowpack Monitoring in North America and Eurasia Using 

Passive Microwave Satellite Data. Remote Sensing of the Environment 
(in press) 1980. 

Foster, J. L., D. K. Hall, A. Rango, A. T. C. Chang, L. J. Allison, and 

B. C. Diesen: The Influence of Snow Depth and Surface Air Temperature 

on Satellite-Derived Microwave Brightness Temperature. NASA Technical 
Memorandum TM-80695, 1980 

Hall, D. K., A. Rango, J. L. Foster, and A. T. C. Chang: Progress and 

Requirements of Passive Microwave Remote Sensing of Snowpack Properties. 
Proceedings of the Workshop on Polar Surface Microwave Properties for 
Climate Research, Greenbelt, Maryland, 1980. 

Chang, A. T. C., J. L. Foster, D. K. Hall, and A. Rango: Monitoring Snowpack 

Properties by Passive Microwave Sensors on Board of Aircraft and Satellites. 
Microwave Snow Properties Workshop, Ft. Collins, Colorado, 1980. 

NA.SA Conference Publication 2153, 235-248. 
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E. SNOW MAPPING APPLICATIONS SYSTEMS VERIFICATION AND TRANSFER PROJECT 


by 

A. Rango 


OBJECTIVE 

The purpose o£ this study was to test the operational usefulness of measure- 
ments of snow covered area from images taken by Landsat and NQAA satellites. 

BACKGROUND 

In the western United States, snowmelt provides most of the water that is 
consumed by agriculture. Industry, and residences, or used to generate 
hydroelectric power. In the spring, melting snow can cause rivers to flood. 
Thus, many agencies are concerned with predicting snowmelt runoff, both to 
allocate water optimally and to minimize damage due to flooding. To make their 
predictions, these agencies need to know how much snow is in each river basin. 

Since 1972, when Landsat-1 and NOAA-2 satellites wore launched, it has been 
hypothesized that satellite data could be used to measure snow-covered area and 
thereby assist in snov.mielt runoff prediction. The Snow Mapping Applications 
Systems Verification and Transfer (ASVT) project was begun in 1975 to determine 
whether satellite observations of snow-covered area can be used operationally 
by agencies to increase the accuracy of their runoff predictions. In order to 
sample a broad range of snow, vegetation and climatic conditions, study basins 
in California, Arizona, Colorado, and the Pacific Northwest were selected for 
the ASVT. Data collection was completed in 1979. 

RECENT RESULTS 

Tlus ASVT has proven that satellite-sensed snow-covered area can be used 
to reduce the error in snowmelt runoff predictions in a cost-effective manner. 
For example, in California test basins, use of the remotely sensed data 
reduced runoff forecast errors from 15 percent (conventional) to 10 percent 
(Landsat). ML^delling studies on the Boise River in Idaho indicated that the 
error in short terra (5-day) forecasts could drop as much as 9.6 percent when 
satellite measurements of snow-covered area are used. 

The use of the satellite data is not fully operational, however, because 
there is too long a time lag between Landsat data acquisition and receipt 
by the user. In addition, the frequency of coverage from Landsat is not 
optimum. NCAA satellite data are available with the required frequency and 
quick turnaround, but the resolut ion is much poorer than Landsat, and as a 
result thov are more difficult to irvinlpulate for snow imipping, especially 
in small tc moderate-sized basins. Truly operational application of satellite 
data will only be possible in the eleven western states when the data 
turnaround tlmt' is reduced to 72 hours, and the water management agtucies 
can be assured of a continuing supply of data from space. 
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SIGNIFICANCE 


In the areas studied, the remote sensing data were estimated to be 
capable of reducing snowmelt runoff forecast error by 1-5 percent. Extra- 
polated over the eleven western states, a 1 percent absolute improvement 
in forecast accuracy was found to be worth approximately $38 million per 
year ($28 million from irrigation benefits and $10 million from hydropower 
benef its) . 

FUTURE EMPHASIS 

In this ASVT remotely sensed data were input into river forecast models that 
were designed to use conventional data. We are working now on developing 
models that are tailored to take snow— covered area as input data. We are 
testing these forecast models operationally on basins that are large enough 
that their snow cover can be mapped with sufficient accuracy from the 
coarse-resolution NOAA images. 

PUBLICATIONS 

Rango, A. and R. Peterson, i980 : Operational Applications of Satellite Snow- 

cover Observations, NASA Conference Publication CP-2116, National 
Aeronautics and Space Administration, Washington, D.C., 302 pp. 

Rango, A., 1980: Operational applications of satellite snow cover observations. 

Water Resources Bulletin , Vol. 16, No. 6, 8 pp. 



f • SNOWMELT RUNOFF MODELING USING REMOTE SENSING DATA 


by 

A. Rango 


OBJECTIVE 

The overall objective of this study is to test whether snowmelt runoff in 
operational-size (> 100 km2) basins can be forecast successfully using models 
based on satellite remote sensing data. 

BACKGROUND 

In order to practice effective water resources management various agencies 
have come to depend on the use of hydrologic models to assist them in this 
function. Many agencies in the western United States are in the process of 
switching over to modeling of the snowmelt runoff process as opposed to 
statistically based approaches. Few models currently have the capability 
to accept remote sensing data, however, there are a few excellent models, 
such as the SSARR (Streamflow Synthesis and Reservoir Regulation) and 
Martinec models, that require basin-wide snow cover estimates that can 
only be obtained from some form of remote monitoring. The Martinec 
model was developed in Europe on small experimental basins (< 50 km2) and 
applied using ircraft data. To be useful, such a model must be applied 
Co larger, ope,at ional-type basins (> 100 kiii^) with a potential need for 
runoff forecasts. When Landsat data became available, it was decided to 
test this model on operational basins in the western United States and assess 
its ability to simulate runoff using satellite and limited conventional 
data. Basins in the Wind River Mountains of Wyoming and the Rocky Mountains 
of Colorado were selected for testing. 

RECENT RESULTS 


Four basins have been tested thus far (Dlnwoody Creek, WY - 228 kra^ ; 

Bull Lake Creek, WY - 48A km2; South Fork, CO - 558 km2 i and Conejos River, 

LO - 730 km^) with successful application of the model in each case. Bec.iUse 
normal temperature and precipitation measurements from conventional stations 
have been employed, it appears that satellite snow cover is a critical input 
variable which allows application of the model to these operational size 
basins. In the Wind River Mountains comparisons of simulated and measured 
streamflow indicate that simulated seasonal (6-month) volumes are within 
5 percent of actual, and that about 82-86 percent of the variation in actual 
daily runoff values is explained by the modeling approach. In the Colorado 
Rockies, the predicted seasonal flow volume averaged to within 2 percent 
of the observed volume, and about 88 percent of the variation in daily flows 
is explained. 


SIGNIF1C/\NCE 


The model lias the potential for the operational prediction of snowmelt runoff 
for varying time periods, and it also can be applied to ungauged basins. 

Such a modeling capability provides a means for applying the satellite remote 
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sensing data operationally by a water resources agency. Regulation of 
reservoirs for flood control, irrigation, and hydropower can thus be 
improved. 

FUTURE EMPHASIS 

The snowmelt runoff model will be applied to the entire Rio Grande River 
Basin above Del Norte, Colorado (3419 km2) for eventual operational use 
by the U.S. Department of Agriculture and the Colorado Division of Water 
Resources. In addition, the model will be converted for use in the fore- 
casting mode and tested on the Colorado basins. 

In order to make more effective use of remote sensing data, a task force 
will focus on the development of a family of remote-sensing-compatible 
hydrological models. These models will be designed for use with spatially 
obtained remote sensing information and not with conventional pOj.nt measure- 
ments. Both non-snowmelt and snowmelt situations will be covered. 

PUBLICATIONS 

Rango, A. and J. Martinec, 1979: Application of a snowmelt- runoff model 

using Landsat data, Nordic Hydrology . 10 . 225-238. 

Rango, A., 1980: Remote sensing of snow covered area for runoff modelling. 

Hydrological Forecasting (Proceedings of the Oxford Symposium) , lAHS- 
AISH Publication No. 129, International Association of Scientific 
Hydrology, Oxford, U.K., pp. 291-297. 

Hawley, M. E., R. H. McCuen, and A. Rango, 1980: Comparison of models for 

forecasting snowmelt runoff volumes. Water Resources Bulletin , 16 , 

5, 914-920. 
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WATER MANAGEMENT AND CONTROL i\PPLICATIONS SYSTEMS VERIFICATION 
~ AND TRANSFER PROJECT 


by 

A. Rango 


OBJECTIVE 

The purpose of this study was to test the utility of Landsat hydrologic 
land use data as input for hydrologic engineering models that are used to 
generate discharge frequency curves. 

BACKGROUND 

For flood control planning and construction purposes, up-to-date hydrologic 

land use information is required for model simulations of flood flows under 

existing land cover conditions. Agencies charged with the management of 

flood flows need the most current information possible for use in these 

studies. The Corps of Engineers, as an example, conducts approximately 

75 watershed studies each year. Initial research had indicated that Landsat 

classifications of land use could be used in place of conventional data 

in these studies at potentially significant cost savings. To test this 

idea, the water management and control Applications Systems Verification 

and Transfer (ASVT) project was begun in cooperation with the Corps of Engineers. 

In order to sample a broad range of watersheds currently undergoing land 

use change, the Corps of Engineers selected six study basins distributed 

across the U.S. Landsat data were used to classify the present land use 

and were tested against conventional data in the simulation of the flood 

flows from the six basins. 

RECENT RESULTS 

The Water Management and Control ASVT has proven that Landsat land use data 
can be used to generate discharge frequency curves virtually identical to 
the conventional curves on all basins tested (Figure lOG-1). The selection 
of the Landsat-based curve would result in the design of a flood control 
system that would be no different from the conventional approach. On a 
watershed basis, Landsat land use classifications differed from conventional 
ones by only 2-8 percent. In addition, it was found that the Landsat data 
could be directly incorporated in the Corps of Engineers grid cell data 
bank, thereby providing an automated environment for applying landsat classi- 
fications in routine hydrologic Investigations. 

SIGNIFICANCE 

The potential for significant cost savings by employing Landsat hydrologic 
land use data has been deni'.istrated on the study watersheds. The Landsat 
costs are approx inuitely one quarter to one half the costs of the conventional 
methods on basins greater than 10 mi^ (25 km2). Associated analysis of 
the ASVT data indicates that differences in relative effectiveness of the 
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future emphasis 

Th. degree of Improvement i" t,“nd?'“l^“orprof l^gineere 

improved resolution Landsat D a ,.„j„ 4^ specific locations such as 

hydrolo.ic .odeuns 

and flLdplain information surveys will be examined. 
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DISCHARGE (1000 cfs) 


Figure lOG-1. 


LANDSAT AND CONVENTIONAL DISCHARGE 
FREQUENCY CURVES GENERATED USING 
THE STORM MODEL FOR THE PENNYPACK 
CREEK BASIN (55.74 Ml^) 
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ANALYSIS OF AUFEIS SOURCE WA TER ON THE ARCTIC SLOPE 
— OF ALASKA 


by 

D. K. Hall 


OBJECTIVE 


The oblectlve of this work was to determine the origin of the Mter which 
?^rms iergnnfeis fields (river Icings) in the continuous germefrost 
region of the Arctic Slope of Alaska. 


BACKGROUND 


Tn lul, of 1978 and 1979. field parties «-^rrTor%“uL:Snt raro'tor, 

and thickness and e„ leered samp 

irthrLfeis Lr c:m:arison with aufeis as ^“/“frelds 0 ^' 

Landsat data were were used to determine 

l“n:lLri“«!aruuy t|l"-maS:um entent of aufeis on the ktctic 
Slope of Alaska. 


RECENT ACCOMPLISHMENTS 


Through .tasurement of the mterann^l variability -^t^^'chrt'tL 

“‘f£fa5ls lit Tas Lrtrin'rrgra^^un^^^^^ farho^aL 

amount of calcium (as CaCOj) in the aufeis samples was 321.5 mg/i. 
river water contained only 44.7 rag/1 of calcium. 


The aufeis feed-water travels northward through a network of 
western Arctic Slope where no large stream aufeis exists. 


SIGN inCANCE 


zr.T.x^tzii t^tz u 

Fkrs;:r^arL‘L^?^ri%:L-^^ 
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I ^ Arctic especially during the winter. In addition, 

the results of this research indicate that there are probably more 
tectonic faults in the eastern Arctic Slope than have been mapped, because 

pecmnosr“' '"'"'■el' which to f.l,o» within the Impemeable 

FUTURE EMPHASIS 

The June aufeis extent will continue to be measured in subsequent years 

of tL quantitative detLmiLtion 

of Che relationship between meteorological factors (precipitation and severity 
f freezing (as expressed in freezing degree days)) and aufeis extent. 

PUBLICATIONS 

”^^^\°‘33;’pP^® 343-348!''^^ Precipitation in North Slope River Icings. Arctic . 

Orig in oE Water Which Forms La rgo Aufeis 

""k Alas ka Using Ground and Landiat Lta . 

Lapublished Ph.D. thesis, Univ. of MD, 120 pp . ” 

Landsat Data for River and Lake Ice Engineering 
!ub?i in ^^_ and Lake Ice Engineering , a book to be 

published jointly by the U.S. Army CRREL and the lAHR Committee on 
Ice Problems, 12 pp. (Also NASA TM 80686.) 

' Analysis of the Origin of Aufeis Feed- 
Wat er on the Arctic Slope of Alaska . NASA TM 819^2, 41 pp.~ 



T LAND SAT DIGITAL ANALYSIS OF THE RECOVERY OF 
■ burned TUNDEIA IN ALASKA 

by 

D. K. Hall and J. P. Ormsby 


OBJECTIVE 

vegetation regrowth following a tundra fire. 

BACKGROUND 

. A 19 1Q77 a wildfire burned a 48 km^ area in north- 

Between July 26 and August 12, 1“ » 1077 ^nd 1978 field 

digital tapes of the area were obtained for four 

1 1077 ^ dll IT firs (^G3.r Ly August 17 77) s 

the Atmospheric and Oceanographic Image Processing System fAO.PS) . 

RECENT ACCOMPLISHMENTS 

"'rr r";^°Biir7ia^r" rhrsjictrarrifiirt^n^s'rtSirtr^^g^ 

^ Portions of the lightly-burned category were inferred to be 

"ul y r ■ ;ad la d the LaadLt data because the spectral response u£ 
these portions was the same as that o£ nearby unburned tundra. This was 
confirmed in the field for selected areas. 

SIGNIFICANCE 

The amount o£ time required tor recovery vesetLion',"'''”“™' 

“rt:u>- rtrirL":::,. elevatlon!'dral„a,e. and meteorological 

conditions (rain and wind) prior to and during the ttte. 

landH^ dl^rprovirtrbra conienlen? and'lnoxpensivt way to monitor vegetation 

5 EH>ri:e‘irthu 

disturbances Is important especially in light o£ the Increasing use of the 
Arctic for oil exploration. 
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TABLE lOt-1. Spectral Limits of the August 21, 1977 and August 14, 1978 
Subscenes of the Burned Area from Band-7 Density Slices 


Spectral Limits 


Theme 

Name 

August 21, 1977 

August 14, 

1 

Water 

0-3 

0-8 

2 

Severely burned and smaller lake 

4-1.2 

9-31 

3 

Moderately burned 

13 - 24 

32 - 51 

4 

Lightly burned 

25 - 44 

52 - 64 


FUTURE EMPHASIS 

CRREL scientists are continuing to measure tundra regeneration at the site 
of the fire. After more Landsat tapes are acquired at GSFC (e.g. August 1979, 
1980 and 1981), the spectral reflectances will again be compared with the 
in-situ measurements and with the August 1977 and 1978 results in order to 
determine longer terra recovery characteristics of burned tundra. 

PUBLICATIONS 

Hall, D. K.., J. Brown and L. Johnson, 1978: The 1977 Tundra Fire in the 

Kokolik River Area of Alaska. Arctic , V. 31, pp . 54-58. 

Hall, D. K., J. Brown and L. Johnson, 1978; The 1977 Tundra Fire at Kokolik 
River, Alaska . CRREL SR 78-10, 11 pp. 

Hall, D. K,. , J. P. Ormsby, L. Johnson and J. Brown, 1980: Landsat Digital 

Analysis of the Initial Recovery of Burned Tundra at Kokolik River, 
Alaska. Rem. Sens, of Environ., V. 11. 
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Chapter 11 
ADVANCED STUDIES 
edited by 
John Barker 

OVERVIEW 


of the Earth Resources Advanced Studies Group is to 
provide performance simulation capability to assist -in 

ana non.°rU:li^lt 

active; that is, to maintain a familiarity resea?ch'!„r 

f:a^:b"”!^Jy%"°“Lrh:rph"ate:^r;h^ as^lntaini^rana^Sevelopin, 

should be done^in°order*'to^e*^^t^^e^^ areas where new research” 
future sJteJutrmLSLs in'Pact on 

ariL“ui:t^^nrif^\fe^p^:?e"rpeJforr^ = 

crop Production Pcreca^T^r r sigma IquatJ^'f 
and implementing a field research nm^r-am • ' (2) designing 

USDA in Beltsville, Maryland collaboration with 

measured conditions for^simulatina crops under 

sensors, and (3) evalnJh^n^ future 

plan for the use of remote ly^lnsed^datJ^fn"^ • ^ research 

in the management of crops ("AMI" a improving decisions 

Information). ^ ' Agricultural Management 

we?o“o? Sc“?vrduring'mo®bu?^;;e“’’'"r,'''°'’" 

in 1981. One was Se Landsar-^ ? expected to become active again 
has the objective of providina a System activity which 

analyses that will quantifv the capability to perform 

advantages affo^^d b? ^h^ rnelt technological 

MSS caplbiliby?""?^ndi ha^g'^^rbeln :?S!Lb?rrr ', 
assessment studies in 1980. The other Landsat-D 

from aircraft flights of a linear a analysis of data 

to demonstrate and evaluate the utiliK radiometer (LAPk) 

linear array instrument for reLi^ ^ acquired by a 

cation was produced on this 1979^worr^wh^ applications. A publi- 

1980). consideration irbeii^givefti furt^^ miT^ """ 

and analysis in 1981. ^ ^ ^ ^urther MLA aircraft flights 


In 1980, the major effort was to support the engineers in a valu^ 
assessment part of a multispectral linear array (MLA) sensor 
feasibility study for an operational land obsLving system (OLOS) 

remote sensing specialists at Goddard. Results 
Final Report of the feasibility study, 

?hi appendices. Titles and authors for three^of 

below? b^sec^ion: ®*^ reported on for 1980, are given 


A. 


^^John^la?kjr"^ Operational Land Observing System 


B. 


Simulating Information Content of Digital Imagery 


c. 


Mike Forman 

Simulating Landsat Sensor Performance from Field Spectra 
nan Markham, John Barker and Charles Schnetzler 

Work in 1981 will center around both the Landsat-D assessment 
activrity and the MLA/OLOS research activities. In additl^ some 
pri^nVrfn ‘he ■■ultimate" sensors and mission? 

land resources. thermal and geostationarj- missions for 


PUBLICATIONS 

Irons, J. and S. ivharton, "C. Linear Array Pushbroom 
ata Analysis / in Chapter 9: Advanced Studies of " 

urvey Applications Division Research Report - 197g'' 
TM-80642 (1980), pp. 9-9 to 9-12. 


Radiometer 
"Earth 
NASA 


VVharton, S. W. , J.R. irons and F. Huegel, "LAPR: An Experimental 

Aircraft Pushbroom Scanner", NASA TM-80 729, July 19 80, pp. 24. 

Williams, D. , D. Deering, K. Meehan and J. Tucker, "Landsat-D 
Assessment System", in Chapter 9: Advanced Studies Sf"Lrth 

tmIS 2 a9M?!'pp! 
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VALUE ASSESSMENT OF AN OPERATIONAL LAND OBSERVING SYSTEM 

by 

J. Barker 

OBJECTIVE 

The objective of this "value assessment" activity was to provide 
the basis for the selection of the "most probable sensor for the 
U.S. Operational Land Observing System (OLOS) for the decade of 
the 1990 's. 

BACKGROUND 

In November, 1979, the President provided the framework within 
which a civil operational land remote sensing satellite system 
should be implemented under the management of the National Oceanic 
and Atmospheric Administration (NOAA) in the Department of Commerce. 

OLOS would provide images of the Earth for applications in many 
areas of renewable and non~renewable resources, including: early 

warning of changes in crop conditions, crop production forecasting 
around the world, oil and gas exploration, mapping of land, charting 
shallow waters, rangeland and forest management, water resource 
management, urban and regional land~use planning, and monitoring 
various types of episodic events. Since 1972, the National Aeronautic— 
and Space Administration (NASA) has been managing the experimental 
pj-Qf^xirsors to OLOS, namely the three Landsat satellites. In t.*e 
1980 's, NASA will probablv build two or three more Landsat satellites 
with a "Thematic Mapper (TM) " sensor in place of the current "Multispect ral 
Scanner Subsystem (MSS)". OLOS would replace these mechanical scanners 
in the late 1980 's with large mult ispectral linear arrays (MLA) of 
solid state detectors. These arrays are oriented perpendicular to 
the direction of the spacecraft flight and can be used to sense both 
reflected and emitted radiation from the Earth. In effect, the satellite 
sweeps the optics for the thousands of detectors over the ground track, 
thereby providing an alternative to the rapidly oscillating mirrors 
in the current cross-track mechanical scanning systems. This pushbroom 
MLA technology has been identified as the sensor design for OLOS. 

There are three primary advantages of using MLA technology for 
satellite remote sensing. First, it has inherently better sensitivity 
by a factor of up to 1000:1 due to the longer dwell time of each 
detector. This can be translated into spectral bands as narrow as 
10 nanometers while at the same time achieving a spatial resolution 
of at least 10 meters for a ground-instantaneous-f ield-of-view (GIFOV) . 
Secondly, there cire no moving optical parts during imaging which along 
with the fixed position of the detectors can be used for more accurate 
geometric location of points for map production. 'thirdly, it has 
the ability to adaptively select sampling rates which permits an 
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instrument to b(s ^ 

achieve a range of IpatlalMsSlutl altitudes and 

this mlIns°|a?aileJ"mi«ton%r'"t^ ^^aS dalrin''th“l^|;5?f°« 

focal plane development wave infrared^^ 

«ans an even longer tij fo^th^mai 

a!: Mm), for possible ^ arrcy development 

oveJ“®l5S^|fe?S!’f ®?“hdly. calibration o? thttr'^d »e"aor 

=“trent developmental di .advattttesf°^^ assumed to outweigh 

Goddard Spatt^Flight *c4ntet*be ®"^iaeers and scientists at 
-gating informattSS trtte 4!s?bnl^^^r*^ examrnrtrtte 

in duly and'do^utt«td\"t%tf "‘“"?”°tt“«s‘tottle"td“^ 

(1) surety atd^|vtluati“thS^Jtilttif “®''t i" Parallel: 

of the economic value of OLOS data. ^ Illustrations 


accomplishments 


ol that report <ae:%tb"?rtt“?in?ltts%no%l„"5^“'’^^ = 

It was concluded that if • " 

the 4Cn to 2500 nm (natLttSrtfrlttr^ttt'’ apactral channels in 

Howe«r!‘'?frd:s1t„'°t"‘i°'-'= Pf ‘1-0 Xottd “““I'’ 

ir-- bS 'h-nit t ^ £ 1-7" - 

Which togui;e7u7th:r"?tntn!"7;d7.'’^"'^= b-n‘7d^„77?ed^“^ 

for^tth «tt7mitI7tt7n“a77lutt7r'''’ ^ "‘' =onsor 

tota?7o777nria7y7;7\%--;F"7"- 
th7l"wiu7Lt7l7"t‘° '’®"’°"0trate the^tf Ut7"Vltn 

occur at intervals greater than every day or so 
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Spatially, there was evidence that new applications would be 
enabled as one went to better resolution, although there might be 
a necessity to average spatial elements together for some specific 
objectives where the error is classification of thematic categories 
might be increased because more detail weis visible than desired. A 
sharpening band at two or three times the resolution of the other 
bands in the system was strongly favored for two reasons: (1) 

boundary definition can be significantly increased for visual 
interpretation and training site selection, and (2) errors in supervised 
classification procedures can be significantly reduced by the labeling 
of picture elements, pixels, which contain more than one type of 
category. 

This evaluation, extensively documented in the papers listed in 
Table llA-1, summarized the scientific information from which 
requirements for specific applications can be derived. It was then 
possible to provide scientific input to guide in the selection of the 
eleven spectral and spatial sensor options that were used in the 
systematic compilation of user surveys (Table llA-2). Both user 
requirements and economic value assessments were then used in 
making an objective quantitative decision on what was the "most 
probable" sensor for an operational land observing system. 

In 1980, NOAA assembled a comprehensive data base of user surveys 
for the purpose of determining OLOS sensor requirements. A major 
portion of our value assessment activity involved the systematic and 
quantitative extraction of requirements from this NOAA data base. 

User objectives were compiled for federal, state, local and private 
communities. Three quantitative procedures were developed for 
obtaining a single relative estimate of the value of each of eleven 
options identified by scientists and engineers. One measure was the 
annual required volume of 185 by 185 km images and the second was a 
measure of the fraction of programmatic requirements that were met by 
particular options. The third measure was a independent check on the 
first two. It used surveys of four discipline panels, each 
consisting of about five remote sensing specialists. These 
specialists were cognizant of research that many of the users had not 
seen. In addition, the panels were asked some questions that were 
necessary for a definition of an OLOS mission which had been omitted 
from the user surveys, such as required frequency of cloud-free 
coverage . 


Results from user "Volume Requirements", "User Scores", and "Panel 
Scores" agreed in most major features between the eleven options 
identified in Table llA-2. Naturally, the options with the higher 
capabilities received higher value scores. In order to identify a 
"most probable" OLOS sensor, these value estimates were divided by the 
J^clative cost of each option. Resulting value-to-cost ratios are 
given in Table llA-3. The conclusion is that options 6, 7 and P are 
all about equally desirable according to this criterion. However, 
from an engineering standpoint option 8 would signficantly jeopardize 
an early launch of OLOS because large arrays of thermal sensors will 
require several years to develop. Future addition of a separate 
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thermal sensor requires an irranediate parallel thermal sensor development 
rrtlT.VtU wjh^a r^Taise of the 

ra?^r!“;em;ntal value ?jt"?e^?en; bSres'tlLte 

o 7 thf"mo«°proMS?l" 'senior,, based on the peroeived needs by both 
the user and scientific communities. 

Economic value assessment proceeded in parallel with 

riSStS -fs 

benefit to resLrTwL^?Sndu?ted and documented for past 

TconiS; :n^airs::!^^Purtre? worh is r^Ltely 

mechanisms by which an economic benefit can be expected tro 

sensed data. 


The one 
mo re e f f 
expected 
for erro 
There we 
simulati 
bands in 
Value-to 
30-meter 
which is 


accepted economic model was for benefits 

storaae of qrain from improved monthly forecasts cpt 

wheat production. This wheat benefit model was 
r in area estimation as a function of spatial resolution, 
re no useful experimental or theoretical results to permi 

CCs of the effect of adding SWIR or "IP Tool nrn) 

the visible and near infrared region (760 to 1000 ^m). 
-CoCt ratios for wheat benefits in Table llA-3 show that a 
system, options 4-8, captures most of the value for whea , 
grown in large fields. 


A second measure of economic value was made for ^^0 

currently done .^'\^7“^^p”“ltlOTrwere made of map requirements 

million dollar marKet in tr j m^inc; will be at 

; iQQ*; An;^Tvsis showed that more than 60% or tne maps win 

llld"mlps ; "‘^^tholfqlluirilnlraT'piiltsri^ oHIluf ‘ ' 

results for the 705 km orbit are also summarized in .able llA 
the illustrative mapping examples. 

in summary, all value 

iri;plrllt''lerd-‘frrT‘lof°mltfr “rtlm'J:rill miqhtV a«t with a 10- 
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shuttle; this possibility requires serLis fJrth" space 

separate MAPSAT mission is not likelv in since a 

Scientific panel members saw a 50 % mission, 

of SWIR bands to the current bands in ^ addition 

Pai^elists saw more tha^ a infrared regions, 

further addition of a thermal band- whf h increase in value from 

SIGNIFICANCE 

?mpp™ente?L™Sf«Ll sliSIr^rJIsiMJv <levelooed and 

produced requests in Dece*«, !llo 

focused on option 7, or better la ZlT^ requests sufficiently 
the proposals. Finally, these 'evalnJ^^^ a concrete evaluation of 
the potential scientific and appUer^eJ^Lf '® helped identify 

necessary compliment to the Sl*7?R and studies which are a 

and to the OLOS mission feasibility studies?^°^ <^evelopment activities 

future emphasis 

activitJ!^''soL^leverorsciJntifirsrd^ development 

with the TIR array development activity Suonor? ‘ conjunction 
are also planned under the OLOS mission * feaiiMU^J^tSdy?''^ activities 

pd'Lsessmenf AcMvUiei^w^n coor^inatTr"" Supportina Requirements 
Scientist and be grouped in^o th™ ^^tudy 

and (3) OLOS Fconomic^AssLsment ?fjKr ?h^^ Assessment Tasks, 
this effort is to provide in^^^JLtfon ;nd objective of 

enuring the feasibility studies, c^e f iniUon: 1ab%rc::i:n!\%:,^^^^^ 


dLA sensor and OLOS projects 


In order to 


and assessment activities o 

accomplish this objective it'-’iiiK<»r«^» ■ - --- -••u^tweriu 

analytical capabilities of informat io^and^^^'T develop quantitative 
Illustrative results. ^ntormation and value assessment, including 

PUBLICATION? 




Oo idard 


V.v. Salomonson, P.j 
Landsat Observing Systems in the 


Cressy and C.C 


> o L. in LI 

presented at American Institute 


SO ’s 


'. nd Value 


Conference on 
Colorado, 2-4 


■^chnet z ler , 
to ''sers," talk 


Sensor Systems for 
December, 1980 


Astronautics 

the 80 s in Colorado Springs, 
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Final Report of MLA Sensor Feasibility Study 
Appendix: TeO^le of Contents 

by 

Goddard Space Flight Center 
December, 1980 

APPENDIX A — Sensor Systems 

A-1 — Cost Analysis of Projected Options for the 

Operational Land Observing System (OLOS) , Lynda 
Pedersen and Bernard Dixon, GSFC 

A- 2 — Mission Scenarios - Individual OLOS Satellite 
Capabilities, Ron Muller, GSFC 

APPENDIX B -- Landsat Significant Results 

B- 1 — Summary of Landsat Significant Results, Scott 
Cox, GSFC 

B-2 — A Review of the Capabilities and Benefits Derived 
from the Use of the Landsat Multispectral Scanner, 
General Electric Company, Space Systems Organization, 
Be It.® vi lie, MD 


APPENDIX C 
C-1 

C-2 

C-3 

C-4 

C-5 


Science and Applications Issues 

Overview of Scientific Requirements for Observations 
of Land from Satellites, John Barker, GSFC 

Information Content of Visible and Near Infrared Spectra, 
Brent Holben, Jim Irons, Alicia Siegrist and Dave 
Toll, GSFC 

Vegetation Information in the Short Wave Infrared, 

Compton Tucker III, GSFC 

Short Wave Infrared: Utility of Non-Vegetated 

Terrain, Ken Meehan, GSFC 

Remote Sensing in the Thermal Infrared, Dan Kimes 
GSFC 


C-6 -- Thermal Infrared Applications to Studies of the 
Earth's Surface, Arch Park, General Electric, 
Beltsville, MD 

C-1 -- Narrow Spectral Bands, Charles Schnetzler and 
Brian Markham, GSFC 

C-8 -- Spatial Resolution: A Summary of Significant Points, 

John Townshend, GSFC 
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Mixed Resolution Earth Observation Systems, 

Scott Cox, GSFC ^ <-cnis., 

Radiances of Vegetation from 
Satellite Platforms, Julie Kirchner and 
Charles Schnetzler, GSFC 

— Stereoscopic Coverage: It's Significant to 

Discipline Applications, Herb Blodget, GSFC 

— Data Continuity With MSS, Brian Markham and 
John Barker, GSFC 

Atmospheric Correction, Robert Fraser, GSFC 

User and Panel Requirements 

User Requirements Worksheets, Philip Cressy, 

Jonn Barker and Janet Gervin^ GSFC 

Agriculture Panel Report, Arch Park, General 
Electric, Beltsville, MD 

Geology Panel Report, Nick Short, GSFC 

" Report, Dorothy Hall, Be'sy 

iddleton, Jim Ormsby and A1 Range, GSFC 

Land-Use Panel Report in Discipline Assessment 
Sensor Performance, Ruth Whitman, 

ORI, Inc., Silver Spring, MD 

— Economic Value 

MLA Value Derived from an Analysis of National Land 

Ilovd%?o^^''i^^^^; an'l Donald 

Lloyd, Ecosystems International, Inc. Ganbrills, MD 

An Assessment of the Value of Improved Sensor 
Performance in Agriculture, ECON, Inc 
Princeton, NJ *' 

an1 rc-or'^'r ‘’""’"p 'Toduct ior. of Petroleum 

ann Ninerajs, CON, Inc.. Princeton, NJ 

Cost-Benefit Assessment of Remote 
^cnsinq Imagery, Mike Matthews and Lee Miller 
Remote Sensing Center, Texas A&M Univ<=>rsitv 
College Station, Texas 
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SPECTRAL AND SPATIAL CHARACTERISTICS OF MLA SENSOR OPTIONS 

(185 KM SWATH AT 705 KM ALTITUDE) 
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THEMATIC MAPPER SCANNER SCHEDULED FOR LAUNCH ON LANOSAT IN 1982 


Table llA-3 

RELATIVE VALUE-TO-COST COMPARISONS 
FOR OLOS/MLA SENSOR OPTIONS 
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SIMULATING INFORMATION CONTENT OF DIGITAL IMAGERY 


by 

M. Forman 

OBJECTIVE 

The goal of this effort is to obtain, maintain and evaluate digital 
imagery of terrestrial scenes for the purpose of quantifying the 
characteristics and capabilities of future satellite sensor systems. 
Sources of imagery include aircraft and satellite scanners, 
digitized photography and computer generated scenes. 

This project has the following specific objectives: 

a. Collect and analyze existing data sets which are suitable 
for general simulation studies. 

b. Analyze aircraft sensor data which may be applicable 
to simulation studies. 

c. Disseminate data to interested parties. 

d. Generate requirements for new sets of data utilizing 
existing instrumentation. 

e. Develop software for the purposes of simulation from 
synthetic and real data. 

BACKGROUND 

When new instruments are considered for remote sensing applications, 
it is often advantageous to have access to data sets which can be 
used to simulate predicted spacecraft responses. Effects of 
abnormal instrument or spacecraft performance on the output data 
can also be analyzed. 

A few years ago, there was an interest in assessing classifier 
accuracy as a function of data compression method. There was no 
absolute truth to compare against. Therefore, a computer program 
was developed to generate a random ground truth map for a given number 
of classes. Spectral signatures drawn froma "bank" could then be 
associated with each class, spatial resolutions could be assigned, 
and the data set could then be degraded to simulate satellite data. 

ACCOMPLISHMENTS 

This past year, a study was undertaken to simulate underlap in the TM 
Scanner. Another problem, relating to the detection of similar signals 
in the presence of noise, led to the acquisition of some LACIE 
super site data, along with associated ground "truth" observations 
digitized and registered to the imagery. 

During the past year various data sets have been acquired, but not 
analyzed in depth. These are listed in '"able llB-1. 
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Table llB-1 


SCENE 

1 

2 

3 

4 


TYPE 

RESOLUTION 

Cultural 

3m 

Geologic 

3m 

LACIE Site A 

80m 

LACIE Site B 

• 80m 


bands size pixels 
1 4096 X 4096 

1 4096 X 4096 

4 196 X 118 

4 196 X 118 


^ ^ are digitized aircraft photographs and have use in 
applications relating to spatial analysis. Scenes 3 and 4 are 

bo.h multispectral and temporal and have associated ground truth 
maps and photos. tiutn 


The 3-meter resolution scenes have been used to simulate expected 
Landsat-D performance, including studies of underlap data acquisition 
by the Thematic Mapper (TM) caused by satellite height variations, 
and studies relating to jitter caused by vibrational interactions 
of the TM, Multispectral Scanner (MSS) and the antenna. The 
Multispectral data scenes are being used as input for a planned 
demonstration of the Massively Parallel Processor (MPP) classification 
capability. 


The calibration data which is routinely acquired by the Thematic 
Mapper Simulator (TMS) was found to have a radiometric value much 
below the specified 8 bit level in the visible and near infrared 
regions. Additionally, the single lamp, single point calibration 
methods used are unreliable and inaccurate. Thus data acquired by the 
TMS is of doubtful utility for the objectives of this project. 

SIGNIFICANCE 


^^i^ificial target simulation is essential when there are few experimental 
images. However, our ability to adequately capture the spectral and 
spatial variations of a real scene is not yet developed. This type 
of target simulation will have increasing importance when the models 
work well enough to simulate the complete range of target and 
atmospheric conditions. 

FUTURE EMPHASIS 


Bf forts should be made to generate synthetic scones, and acquire 
sets of digital aircraft imagery and associated ground and atmospheric 
observations, for the purpose of testing various MLA sensor options 
and OLOS mission scenarios. Financial support needs to be identified 
for both software development and data acquisition. 

PUBLICATIONS 


Forman, M.L. "The Use of Thematic Mapper Simulator Calibration Data 
for Assessment of Data Quality", submitted for TM publication, 
December, 1980. 
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C. SIMULATING SENSOR PERFORMANCE FROM FIELD SPECTRA 


by 

B.L. Markham, J.L. Barker and C.C. Schnetzler 


OBJECTIVE 

The purpose of this study w. s to develop and evaluate a procedure and 
a computer capability for comparing the performance of current 
Landsat Multispectral Scanner (MSS) and the expected 1982 Landsat 
Thematic Mapper (TM) sensor using ground-acquired reflectance spectra. 

Two specific applications of this tool v/ere to: 

a. Examine the feasibility of simulating MSS data from TM 
data in order tc provide continuity of service. 

b. Illustrate the potential value of bands that are 
narrower than TM bands. 

BACKGROUND 

There is a general need to be able to use laboratory, field and 
aircraft spectra to simulate the expected performance of proposed 
new sensors. The Thematic Mapper to be carried on Landsat-D 
incorporates a number of engineering improvements over the 
Multispectral Scanners on earlier Landsats : These changes include 

additional spectral bands and increased spectral and radiometric 
resolution. These improvements are designed to increase the 
usefulness of the data for monitoring Earth resources. This study 
is designed to provide a tool for quantifying the increased utility 
resultant from these changes. 

Continuity of MSS data may prove important during the transition to 
new TM sensors. There is currently a relatively large body of users 
that have become accustomed to using Landsat MSS- type data. They are 
familiar with the MSS response to various ground features and have 
systems and procedures designed to work with MSS data that provide 
adequate information for their needs. Most advanced sensors as 
envisioned for operational land observing systems will have finer 
spatial and radiometric resolutions and different as well as 
narrower spectral bands (TM bandwidths or narrower) . Without 
simulation of MSS data from the advanced sensor data, the user's 
procedures and systems would have to be extensively revised or 
redeveloped to use the new data. In addition, at the time of the 
launch of such an operational system there will be nearly 20 years 
of MSS-type data on record. Historical comparisons will be enhanced 
if the advanced sensor data can be modified to look like MSS data. 

A comparision of the sensor options in terms of their amenability to 
MSS simulation is therefore necessary. 
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In the past, the band width of sensors on satellite scanners 
Seen limited by the signal-to-nolse ratio of the detectors. With 
the increased dwell time of multi-linear arrays proposed for use 
in missions in the 1990’s, it will be possible to achieve band widths 
of 10 nanometers, or less. There are several potential reasons 
to narrow spectral bands; 

a. Increase discrimination and identification of target 
objects as a result of greater target-to-background contrast. 

b. Locate spectral regions with reduced atmospheric 
interference. 

c. Locate spectral regions with increased atmospheric 
contributions in order to make atmospheric corrections. 

d. Place bands in regions of flat target response to 
reduce target-dependent stripping between detectors with slightly 
different spectral responses. 

one illustrative example to quantify the first of these potential 
advantages is to simulate the increased sensitivity of infrared/ 
red ratios using different band widths. This ratio is commonly 
used to identify living vegetation in Landsat images. 

ACCOMPLISHMENTS 

Algorithms have been developed and implemented on an HP- 3000 mini- 
computer The resulting program accesses field reflectance spectra 
ftTreTin afon-line da?a bale and generates simulated MSS/tM sensor 
outputs ^he field reflectance measurements collected in narrow^ 

speltral bandwidths between 0.4 and 1.5 urn S^Iimulated 

radiometer are converted to radiances and passed throuq. i on«^ 

atmosphere (Turner and Spencer, 1972) for one ^ . ^^^dianlls 

and one of three sun angle conditions. These at-satell t 
are integrated across the band passes of the TM and MSS channels. 
Integrations can be performed either using an assumed square wave 
response or using a spectral weighting function corresponding to 
actual or predicted sensor performance characteristics. 

Simulated MSS or TM data can be output as radiances or linearly 
Quantified digital counts. Quantization noise can be used to 
Simulate Lns?r noise to allow comparison of radiometric sensitivity 
differences between the sensors. 

In the first example of such a simulation, Barnes spectral ref lectometer 
sSect?a ofcorn and soybeans, taken throughout the 19 78 growing season 
jrr^1o?s at Beltsville Agricultural Research Center, BARC , were used 
to slniuL th^torr Msl bLds and the six reflective TM bands. Results 
iiSef in rSble llC-1 for recommended simulations of MSS from TM bands, 

Fiaure llC-1 illustrates that for MSS bands 4, 5 and 7, more than 99.5^ 
of the MSS variance can be simulated using single TM an s. i 
IlmuUtioL of this accuracy, it is likely that any sionificant 
vegetative information directly derivable from these three MSS bands 
will also be derivable from MSS bands simulated from TM data. 
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w 


predicted MSS6^ ^usinq^3^TM'^bands'^and*^°" between observed MSS6 and 

reoo«ended twi ba^rcon^ina??on Sni“orSLM™K'’^?‘'^' 
to potential atmospheric interferoiol less sensitive 

vegetative Informatim de^wl^u UomMSSS 

from a TM simulator of MSS6. "derivable 

T able llC-1 

^.S Simulation From TM Agriculture 


MSS BAND 
SIMUL ATED 

4 

5 


6 

6 


TM 

BAND (Si 
USED 

2 

3 


3,4 

1,2,4 


AMOUNT OF 
VARIANCE 
ACCOUNTED FOR 

99 . 96 % 

99 . 92 % 

R6.20% 

97 . 01 % 

99 . 16 % 

99 . 56 % 


RECOMMENDED 
SIMULATIONS 
OF MSS FROM TM 

Yes 

Yes 

No 

Yes 

No 

Yes 


to better than 1% in the variance froJ TM b ^Y simulated 

for this simulation are given in T^ble llc^? ^ ^®^?"'">^nded bands 

be important if an on-boLd MSS simulator wer.^ ^°^®?tially, this might 
a real MSS sensor on the new TM LssiS^s" <^°nsidered to replace 

-spec??:^ binL'r"'?9^9^"pLtrTorbare^ 

soybeans were used to simulate MSS TM aid ^ canopy covered 

h=.r.^c _ a-t.- .... - nsb, tm and 15 nanometer narrow 


bands in the red and nearinf" i nanometer narro 

After normalization of all simulaff.^”^^ spectrum, 

crop cover, the relative sensitivitv bo unity for zero 

by ratioing TM and MSS bands. ^The^Lr^w^i^TM^ crop covers was found 
than MSS 5 at 100% cover. TM4 wal 41 ^orf sensitive 

Figure llC-3 illustrates thrreaJL Lr^K sensitive than MSS 7. 
red chlorophyll absorption region and th^^r contrast in the 

of TM3 to MSS5 and the even giiatei imir^, improved sensitivty 

It also illustrates a sligStli improvement of RED 15 to MSS5. 

for TM4 and MSS7 and for IRls'to MSS^ • *^th i increase in sensitivity 

to the broader peaK in the nea^^::f^a;e^^ie%LTih:r!i^ jh1^iei%e^^^^^ 
SIGNIFICANCE 

This program provides a method and canabilifv ^ 

performance for monitoring earth resources taraiafc^'^^'^r^ sensor 

modrfiiltiSns'*if"?irprogiara^^^ .Relatively simpL°^ 

bandwidths in the 0.4-2.. ,m rogf^nt'as ^ardene ?cr?h” LinSsat"" 
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Solid-State Sensor System Study (LS^) . 

This capability to simulate at-satellite radiance from spectra 
compliments the simulations done with fixed band scanners from 
aircraft. It allows one to address questions of band numbers, 
location, width and signal-to-noise before examining spatial 
questions. This will be important in the trade-off studies 
that will come with the definition and fabrication of an operational 
land observing system for the 1990 's. 

FUTURE EMPHASIS 

It is anticipated that this program will receive continued used with 
the Barnes spectroradiometer studies. Potential modifications of the 
program include options to add guassian 'white* noise and signal 
dependent noise to better simulate sensor noise characteristics. 

It may also be necessary to add water vapor and carbon dioxide 
cibsorption terms into the atmospheric model. 

REFERENCES 

Turner, R.E. and M.M. Spencer, 1972. "Atmospheric Model for Correction 
of Spacecraft Data". In proceedings of the International Symposium 
on Remote Sensing of Environment, held at Ann Arbor, MI pp. 895-933. 
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TM BAND COMBINATIONS FOR MSS6 SIMULATION 

DATA FROM FIELD-ACQUIRED SOIL/CROP REFLECTANCE SPECTRA 
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ACRONYMS AND ABBREVIATIONS 



AgRI STARS 

AGU 

ALTKAL 

AMI 

AOIPS 

APL 

APT 

ARIES 

ASVT 

ATS 

BARC 

BIH 

BRDF 

CDIST 

CLRS 

COCORP 

CPU 

CRREL 

CV 

DEM 

ECOOE 

EPA 

ERT 

ESAD 

ESMR 

FOV 

GEM 

GEODYN 

GHz 

GIFOV 

GM 

GPS 

GRAYS AT 

GSFC 

ha 

HMS 

IDIMS 

I FOV 

I/O 

IR 

IR15 

ITI 

rUGG 

JPL 

kq 

km 

LAC I E 

LAGEOS 

LAI 

LANDSAT 



Agriculture and Resources Inventory Surveys Through 
Aerospace Remote Sensing 
American Geophysical Union 
Linear Filter for Altimeter Data 
Agricultural Management Information 

Atmospheric and Oceanographic Image Processing System 
Applied Physics Laboratory 
Applications Pilot Test 

Astronomical Radio Interferometric Earth Survey 
Applications Systems Verification Test 
Attitude Transfer System 
Beltsville Agriculture Research Center 
Bureau de I'Heure 

Bidirectional Reflectance Distribution Function 
Category Distribution Program 
Compact Laser Ranging System 

Consortium for Continental Reflection Profiling 
Central Processing Unit 

Cold Regions Research and Engineering Laboratory 
Coefficient of Variation 
Digital Elevation Model 

East Coast Onshore-Offshore Experiment 
Environmental Protection Agency 
Effective Radiant Temperature 
Earth Survey Applications Division 
Electrically Scanning Microwave Radiometer 
Field of View 
Goddard Earth Model 

Geodynamics Orbit Determination and Parameter 
Estimation Program 
GigaHertz 

Ground-Ins tan taneous-Field-of -View 

Grav'i tationa 1 Mass of the Earth 
Global Positioning System 
Dedicated Gravity Field Satellite 
Goddard Space Flight Center 
Hectare 

Highly Mobile System (Laser) 

Interactive Digital Image Manipulation System 

Instantaneous Field of View 

Tnput/Output 

Infrared 

Simulated 15 nm Band in NIR from 775 to 790 nm 
Information Theory Inference 

International Union of Geodesy and Geophysics 

v7et Propulsion ^.aboratory 

Kilogram 

Kilometer 

Joint NASA/USDA/NOA/. Large Area Crop Inventory 
Experiment 

Laser Geodynamics Satellite 
Loaf Area Index 

Satellites Containing MSS and RBV Sensors for 
Observations of Land 
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LAPR 

LS3 

MAGS AT 
MERIT 

MLA 

Moho 

MPP 

2 

MS 

MSS 

ND 

nm 

NOAA 

NOSS 

NSWC 

OLOS 

ORION 

OSTA 

OVRO 

PCA 

POGO 

PRISMS 

RBV 

RRI 

RVI 

SAR 

SLR 

Oi'u-i l\ 

SSARR 

SWI R 

TIR 

TLRS 

TM 

TMS 

TVA 

TVDS 

TVI 

um 

USD A 

USDC 

USD I 

USGA 

UT 

VIS 

VT.BI 

um 


Linear Array Pushbroom Radiometer 
La^Isat solid-state Sensor Systen, Study 

MonUor!ng'of‘^E!?rt“ot«ion and Intercomparison 
of Techniques 

Multispectral Linear Array 
Mohorovcic Discontinuity 
Massively Parallel Processor 

Modular Multispectral Scanner 
Multispectral Scanner 
Normalized Difference 

Ua^tonat'oceanic and Atmospheric Administration 

National Ocean Satellite System 

Naval Surface Weapons Center 

Operational Land Observinq System 

4m Miqhly Mobile VLBI System i i one? 

Of^^ice of Space and Terrestrial Applications 

Owens Valley Radio Observatory 
Point of Closest Approach 

norsture studies 

Return Beam Vidicon 
Renewable Resources Inventory 
Ratio Veqetation Index 
Synthetic Aperature Radar 

1 i f-o Laser Ranqinq „ +. 

■ <- 4 f r-oniienev Microwave Radionioter 

StJeamnow Synthesis and Roser-oir Rcqulation 
Short Wave Infrared 
Thermal Infrared Reqion 
Transportable Laser Ranqinq System 
Thematic Mapper 
Thematic Mapper Simulator 
Tennessee Valley Authority 
Transportable VLBI Data Syst^ni 
Transformed Veqetation Index 
same as um = micron or micromete 
Department of Aqriculture 
of Commerce 
of Interior 
Survey 

Universal Time 

Visible Reqion of the Lloctromaunet ic 

350 to 760 nm . ^ . 

Very t.onq Baseline Interf erometei 

micron or micrometer 
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